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Abstract
Tide-influenced point bars represent a significant proportion of shallow-marine deposits,
commonly developed along meandering channels in most backbarrier and estuarine systems.
However, sedimentological studies to characterize this type of deposit are still emerging. They
often present very heterogeneous internal architectures which development is controlled by the
complex flow patterns operating in tidal environments. The study of the sedimentological and
morphological characteristics of these features provides better understanding of the
hydrodynamic processes that shape coastal systems and control their evolution as well as it
contributes to better reservoir potential prediction and production strategy optimization, as tidal
point bars may represent hydrocarbon reservoirs in subsurface and their heterogeneous
characteristics directly impact reservoir quality. In this study, we investigated six modern tidal
point bars located along distinct estuarine tidal channels in Georgia. Using core data, 2D
shallow seismic data and current measurements and flow velocity profiles, we discussed the
main hydrodynamic controls on sediment transport and distribution, and determined how they
affect the morphology, the internal architecture and the sediment distribution within these bars.
We confirmed that the influence of fluvial input in tidal channels plays an important role on the
development of the morphology and the heterogeneous architecture of point bars as it adds
more complexity to the system hydrodynamics, promoting more asymmetric variations in water
level fluctuations and huge variations of current velocities. We proved that point bars developed
in distinct tide-influenced channels and estuaries, although present very different sedimentary
facies distribution, may have sedimentary facies in common, which organization is analogous to
surface processes operating at each environment. We demonstrated that differences in tidal
asymmetries between the ebb and flood channels produce sedimentological differences
between the different parts of the bar. This study showed that tidal point bars present distinct
heterogeneous sediment distributions, morphologies and internal architectures that do not
conform to the existing theoretical models of fluvial point bars and highlighted that, despite the
differences in local hydrodynamic conditions, similarities identified between the different bars
permitted us to distinguish the sedimentological responses to regional allogenic events, which
can be mistakenly interpreted as sedimentological responses to local autogenic events.

Keywords: tidal point bars, sedimentary facies, tidal sedimentology, tidal hydrodynamics,
estuarine channels
viii

Chapter 1

Introduction and Theoretical Concepts

1.1 Introduction
Tide-influenced point bars represent a significant proportion of shallow-marine deposits,
as they are developed in low gradient coastal plain systems where the tidal influence can
extend hundreds of kilometers landward from the coastline. Their presence is common along
most backbarrier and estuarine systems. Unlike point bars developed in fluvial-dominated
systems, tidal point bars have a complex evolution often presenting very heterogeneous internal
architectures due to the complexity of the flow pattern characteristics operating in tidal
environments.
The distinct tidal environment where each bar is developed is controlled by local tidal
level and velocity asymmetry, such that these bars may present distinct heterogeneous
architectures and they do not conform to traditional theoretical models governing morphology
and sedimentology of fluvial point bars (Allen, 1963, 1964, 1970, 1982; Miall, 1980; 1992; 2014;
Jackson, 1976; Bridge, 2006; Durkin et al., 2015; among others). For example, when located
along the fluvial marine transition zone (FMT), tidal point bar deposits may exhibit distinct facies
reflecting the alternation between fluvial versus tidal influences (Van den Berg et al., 2007).
Although the hydrodynamic and resulting sedimentation processes controlling the
evolution and the development of the internal sedimentological and stratigraphic architecture of
fluvial point bars are well-understood, studies of point bars developed in tide-influenced
channels are still emerging.
The study of the sedimentological characteristics of these features provides a better
understanding of the hydrodynamic processes that shape coastal systems and control their
evolution. In addition to that, tidal point bars in subsurface may represent economically viable
hydrocarbon reservoirs. For example, fluvial-estuarine point bars of the Lower Cretaceous
McMurray Formation comprise the main reservoir unit of the Athabasca Oil sands (AOS), in
1

northern Alberta, Canada. The AOS are among the largest accumulations of crude oil in the
world, with recoverable reserves of about 165.4 billion barrels (bbl) of crude bitumen. Production
(mined and in situ) totaled about 2.5 million barrels per day (bbl/d) in 2016 (AER, 2017).
Due to these reasons, it is important to determine how hydrodynamic processes affect
sediment transport and distribution along distinct estuarine tidal channels through the study of
the morphology, the internal architecture and the sediment distribution within tidal point bars,
such that we broaden our understanding and better predict morphological changes in the
system in face of gradational (or abrupt) changes in their controlling mechanisms (e.g. influence
of widespread allogenic processes) as well as their reservoir potential for optimization of
production strategy, as the heterogeneous characteristics of these bars directly impact reservoir
quality given the fact that continuous mud drapes act as small-scale permeability barriers
reducing reservoir connectivity and net-gross ratios.
In Chapter 2 we discuss the role of the fluvial input in the sedimentology of point bars in
tidal rivers comparing two modern point bars, one developed at the bi-directional reach of the
fluvial marine transition zone (FMT) and the other developed in a tidal channel that receives
negligible freshwater input. In Chapter 3 we identified and characterized sedimentary facies
common to six tidal point bars developed in distinct tide-influenced channels and discuss the
effects of variable flow regimes on facies distribution. In Chapter 4 we complement the
preliminary hydrodynamic analysis conducted by Hughes et al. (2012, 2014) based on the
hydraulic measurements performed at the DUP site and correlate with the sedimentological
characteristics of the DUP tidal point bar described in Chapters 2 and 3 to better understand the
effects of tidal asymmetry and variations in flow velocity and tidal amplitude in sediment
transport, erosion and deposition in tidal point bars.
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1.2 Study Sites
We studied six modern tidal point bars located throughout the Georgia coastal plain,
USA, a broad shallow and low-lying region (mean slope of approximately 1:10,000) (Figure 1).
The coastal plain consists of extensive salt marshes, tidal flats and backbarrier bays and
lagoons, fronted by a series of barrier islands, with physical processes influenced by the
interaction between oceanographic and atmospheric variables (Kang, 2005). The entire coastal
Georgia is characterized as a low- to moderate-energy, mesotidal system (Hubbard et al.,
1979). Tidal currents have a strong semidiurnal variation. Its major channels can be classified
according to their connection with real rivers (riverine estuaries, e.g. Altamaha River) or tidal
drainages (salt marsh estuaries, e.g. Sapelo) (Frey and Howard, 1986).

Figure 1 - Location of the six tidal point bars. The AL1 and AL2 point bars are located in the Fluvial
Marine Transition zone (FMT) of the Altamaha River. AL1 is located at the limit of tidal reversals and AL2
is located at the bi-directional reach of one of the Darien River, one of the distributaries of the Altamaha
River. The DUP point bar is located in the Duplin Tidal River, at the Sapelo Island. The SA1, SA2 and
SA3 point bars are located northwest of the Sapelo Island, in the Sapelo (SA2 and SA3) and Julienton
(SA1) Tidal Rivers (satellite image from Google Earth, May 31, 2008 - Georgia coast. Landsat /
Copernicus, U.S. Geological Survey, NASA. Viewed May 11, 2017).
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Table 1 - Estimated bar measurements (bar length, bar width, bar distance to channel mouth, bar
distance to estuary mouth and core lengths).

1.2.1 Altamaha River: bi-directional reach and limit of tidal reversals (FMT)
The Altamaha River is one of the largest rivers in the southeastern U.S., with a length of
220 kilometers, a drainage area of 36,260 square kilometers (GA EPD, 2016) and significant
fluvial input. River discharge has large seasonal variability, which implies large variability of
salinity in the estuary, classified as well-mixed to partially-mixed depending on the seasonal
variation in discharge (100 – 1800 m3/s, respectively) (Di Iorio and Kang, 2003; Kang, 2005).
Peak flows occur during early spring (Alber and Sheldon, 1999; Kang, 2005), causing the saline
wedge to move seaward into the offshore channels, and low flows occur during mid-winter,
when stratification is well developed during flood tidal cycles (Visher and Howard, 1974). The
tidal range varies from 1.5 to 3 meters during neap/spring variations (Di Iorio and Kang, 2003).
The clastics of this area are a mixture of fluvial-derived Piedmont and coastal plain detritus
(Windom et al., 1971).
The AL2 is a tidal point bar located at about 7.5 kilometers upstream of the Doboy
Sound, in the bi-directional reach of the FMT of one of the Altamaha River distributaries, the
Darien River. It is a partially-detached point bar, with a well-developed flood channel, elongated
in the direction of the ebb current, 991 meters long and 202 meters wide (Table 1; Figure 1).
The AL1 is a tidal point bar located at about 43.4 kilometers far from the estuary mouth,
at the limit of tidal reversals in the Altamaha River. It is a partially-detached point bar, with a
well-developed flood channel, 351 meters long and 87 meters wide (Table 1; Figure 1).
4

1.2.2 Duplin Tidal River: no fluvial influence
The Duplin Tidal River is located in the backbarrier of Sapelo Island. It is 13 kilometers
long, with a drainage area of approximately 12 square kilometers (Blanton et al., 2007). It is a
blind river as its upper stream is the water accumulated in the marshes at high tide (Imberger et
al., 1983; Howes et al., 2016) and the freshwater input is minimal, derived from rainfall and
submarine groundwater (Ragotzkie and Bryson, 1955; Wang and Cai, 2004). It is classified as a
well-mixed salt marsh estuary (Howard et al., 1975; Zarillo, 1985), although there are occasional
periods of stratification in the lower Duplin during neap tides (Mc Kay and Di Iorio, 2010). The
tidal range varies from 1 meter to 2.6 meters during neap/spring variations (McKay and Di Iorio,
2010).
The DUP is a tidal point bar located in the Duplin Tidal River, at about 6.2 kilometers
upstream of the Doboy Sound, from where, during high-flow season, the freshwater from the
Altamaha River may occasionally enter (Wang and Cai, 2004). It is a fully-detached (midchannel) point bar, 184 meters long and 66 meters wide, with a fully developed flood channel,
and located in a meandering channel that exhibits a well developed cuspate form (Table 1;
Figure 1).

1.2.3 Sapelo and Julienton Tidal Rivers: no fluvial influence
These rivers are part of a network of tidal creeks, located through salt marshes northwest
of the Sapelo Island, all flowing into the Sapelo Sound.
The SA1 is a tidal point bar located in the Julienton Tidal River, at about 3.8 kilometers
of the Sapelo Sound, 1125 meters long and 249 meters wide. The SA2 tidal point bar is located
in the Sapelo Tidal River, at about 6.5 kilometers of the Sapelo Sound, 756 meters long and 166
meters wide. The SA3 is located in the Savannah cut of the Sapelo Tidal River, at about 6.3
kilometers of the Sapelo Sound. The three bars are partially-detached, with well-developed
flood channels (Table 1; Figure 1).
5

1.3 Database and Methods
The six modern tidal point bars were investigated using diverse approaches, including
sedimentological, morphological, geophysical and process-based interpretations. This data was
used according to the following methodological steps:

1.3.1 Sedimentological descriptions and analyses (vibracore logging) – Chapters 2 and 3
The sedimentological descriptions consisted on a systematic millimetric logging of 31
vibracores extracted from different portions of the bars (Figure 2). The ranges of core lengths of
each bar are shown in the (Table 1). To better analyze the sediment distribution within each bar,
the sampling methodology covered areas of the bars exposed to different hydrodynamic
conditions. Due to the bi-directional characteristic of tidal currents, the downstream and
upstream parts of the bars (a nomenclature frequently used for fluvial point bars) are named in
this study as seaward and landward, respectively. Cores were recovered at the landward,
middle and seaward parts of the bar, closer to the ebb and flood channels (Figure 2).
During the core sampling rodding may occur. This may result in no collection of
sediment in the specific interval where it occurs or in thinner layers collected within the tube.
The core lengths were measured after dewatering of the sediments. We did not attempt to
reconstruct the original thicknesses of the individual beds. Therefore, the core lengths are
presented as recovered. The total amount of compaction occurred during the coring procedure
was measured using the difference between the core length and the total depth reached by the
coring tube. The average rates of compaction of the vibracores recovered from the bars are:
AL1 (56%), AL2 (16%), DUP (22%), SA1 (18%), SA2 (17%) and SA3 (35%).

6

Figure 2 - Six tidal point bars and vibracores locations (red circles) (satellite images from Google
Earth, May 31, 2008 - Georgia coast. Landsat / Copernicus, U.S. Geological Survey, NASA. Viewed May
11, 2017).
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Digital core logs were elaborated using the GEO software from Geologix (Appendix I).
Each core log contain the following information: core photographs, sediment types, grain sizes,
stratifications, sedimentary structures and textures, erosional contacts, degree of bioturbation
(Bioturbation Index – BI), grain size trends (upward-fining and upward–coarsening), location of
shells, organic debris, deformations, and comments. In additio, there is also the sedimentary
facies, sand percentages, and the intensity log and intensity facies1.
Based on the digital information extracted from the corelogs, qualitative and quantitative
sedimentological analysis were performed. The qualitative analysis consisted on the
observation of the frequency and thickness of Inclined Heterolithic Stratifications (IHS),
frequency of current reversals and grain size trends (vertical and lateral). The IHS sequences in
strike view may go unrecognized due to its lack of apparent dip (Thomas et al., 1987). Thus, as
the cores are not georeferenced, the interpretation of the IHS sequences was based on the
existence of frequent sand/mud couplets, independently of their angles. The quantitative
analysis consisted on the calculation of the distributions in percentage of the sediment type,
grain size and BI per core, per bar (overall) and per parts of the bar (e.g. seaward part closer to
the ebb channel). It is important to note that when considering the analysis of the overall or the
lateral sediment distributions, the values presented here are not absolute but inferred and
limited to a small sample size as they were based on the information extracted by only four to
six cores in each bar.

1

The intensity facies were generated based on a method that has been developed to automatically
determine the variation between mud and sand in a core. This method is based on the analysis of high
resolution core image, where each pixel of the image is translated to an intensity value. These values are
then extracted as a curve and loaded in the GEO software. A cut-off value for mud is defined and the
software automatically generates the intensity facies (sand and mud distribution) based on this curve.
Under perfect circumstances (core images that can capture with fidelity the real color variations of
sediments), this method proved to generate stratigraphic columns similar to the stratigraphic columns
prepared based on the detailed manual logging.

8

For sediment type distribution, we present the concentrations of sand (clean), silt, clay,
and their variations: silty sand, clayey sand, sandy silt, clayey silt, sandy clay and silty clay. For
simplification and nomenclature purposes, we established that: 1) total sand is: clean sand +
silty sand + clayey sand; 2) total silt is: pure silt + sandy silt + clayey silt; 3) and total clay is:
pure clay + sandy clay + silty clay.
For grain size distribution, the sediment particles were divided in clay, silt, very fine and
fine sand (finer sands), medium sand, and coarse and very coarse sand (coarser sands). The
sand grain sizes were determined with the aid of an Amstrat grain size chart based on the
Wentworth (1922) classification and a triplet 30x–21mm loupe. The differentiation between clay
and silt was done by texture “feeling”, as clay tends to be soft and sticky while silt has a slight
granular texture.
The Bioturbation Index (BI) (Reineck, 1963; Taylor and Goldring, 1993) is a scale from 0
to 6, where each value represents the degree of burrowing and preserved primary sedimentary
fabric. BI equal to 0 represents no bioturbation and BI equal to 6 represents a completely
bioturbated interval. For simplification, in the lateral BI distribution, we grouped the BI values as
absent to low (BI = 0 and 1), moderate (BI = 2 and 3) and intense bioturbation (BI = 4 and
higher).

1.3.2 Seismic interpretation and stratigraphic correlation – Chapter 2
This methodology was applied in Chapter 2. Numerous 2D shallow seismic profiles were
acquired using high-frequency Boomer sources over submerged bars during periods of high
tides. The acquisition grids are oriented both longitudinal and transverse to the point bars axes,
covering the bars surfaces and surrounding channels (Figure 3).
The seismic profiles were all depth converted using a constant seismic velocity equal to
1500 m/s, which is within the range of the equivalent seismic velocities for wet sands and
saturated clays (Bourbie et al., 1992), and a total of 10 shallow seismic profiles were selected to
9

illustrate the internal architecture of AL2 and DUP bars. In each bar, we selected 2 longitudinal
and 3 transverse profiles. The longitudinal profiles cross the bar from its landward toward its
seaward part, one closer to the ebb channel and the other closer to the flood channel. The
transverse profiles cross the bar from the ebb toward the flood channel, at its landward, middle
and seaward parts (Figure 3). The uninterpreted seismic lines are in Appendix III.

B

A
E

D

C

E
B

A

D

C

Figure 3 - AL2 and DUP. Boomer 2D shallow seismic acquisition grids and vibracores locations
(orange lines – interpreted lines; black lines – lines selected to illustrate bar morphology and internal
architecture). DUP – current meters locations (yellow dots) (satellite images from Google Earth, May 31,
2008 - Georgia coast. Landsat / Copernicus, U.S. Geological Survey, NASA. Viewed May 11, 2017).

The morphology and reservoir architecture of the bars were firstly defined based on the
identification and characterization of the bar boundaries (such as shape, dipping orientation,
dipping angle and frequency), internal discontinuities and accretion surfaces. However, it is
important to point out that the dip orientations and angles described for the features mapped in
the 2D seismic, specially the accretion surfaces, are apparent as they are based on profiles that
are not necessarily parallel to the dip of the feature.
Then, the interpreted core logs were overlaid and vertically adjusted to the interpreted
seismic data using as reference the total depth reached by the core tube and the correlation of
some sedimentological features interpreted in the cores with their corresponding seismic
features (e.g. erosive surfaces). Finally, distinct sedimentary packages were be mapped based
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on the correlation between the interpreted seismic and the core logs. The extent and lateral
continuity of these sedimentary packages are illustrated in stratigraphic cross sections.
1.3.3 Sedimentary facies classification and analysis – Chapter 3
This methodology was applied in Chapter 3. The sedimentary facies classification
consisted on the identification and delimitation of sedimentary deposits that share similar
sedimentological characteristics (e.g. stratification, structure, texture, sorting, bioturbation, etc.)
in the core logs. These deposits were then grouped into specific sets of sedimentary facies,
each one related to specific hydrodynamic processes responsible for their development.
A column illustrating the vertical succession of the interpreted sedimentary facies,
associated with their respective sedimentary deposits, was included in each one of the 31 core
logs (Appendix I). Based on the digital data extracted from the core logs, a more accurate
quantitative analysis could be carried out.
The complexity of the faciological variation between tidal deposits, especially when the
sedimentological analysis are conducted on millimetric to centimetric scales, makes it difficult to
determine only a small number of sedimentary facies capable of encompassing such variability
in sedimentological characteristics. Therefore, to determine the key and most representative
sedimentary facies present in tidal point bars, the sedimentary deposits were firstly identified
and classified based on two main characteristics: 1) degree of heterogeneity (sand versus mud
concentrations), and 2) existence of stratification (stratified or massive deposits). The main
sedimentary facies were then divided in subgroups according to the following characteristics, in
descending order of importance: sorting, grain size and BI. The significant variations in the
intralayer characteristics of heterolithic facies is one of the key factors for their subdivision
(Martinius et al., 2001).
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1.3.4 Hydrodynamic interpretation and correlation with the sedimentary record - Chapter 4
This methodology was applied in Chapter 4. Hydraulic measurements were performed at
the DUP site. Current velocities and water surface elevations were acquired using Sontek and
Nortek current meters deployed during eight days within the ebb and flood channels, close to
the bar (Figure 3) and flow velocity profiles were collected during peak ebb and early flood tidal
stages using a boat mounted Acoustic Doppler Current Profiler (ADCP). Cross-channel profiles
were taken seaward and landward of the meander apex, and across the bar, with the objective
to document flow velocity and structure at these locations (Figure 3). The hydrological data was
collected during autumn equinox and summer solstice that coincide with annual highs in mean
water level.
Based on the hydrological data, we observed the magnitude of peak ebb and flood flows,
as well as the frequency, duration and spatial distribution of the periods of peak flows and the
periods of slack water, correlating with water surface elevation, to a have a general knowledge
of the periods when sediment transport, erosion and deposition take place. We used a simplistic
approach2 to qualitatively evaluate these sedimentary processes and based on these
observations we correlated the hydrodynamic aspects observed in the DUP site with the
sedimentological characteristics of the DUP tidal point bar.

2

The approximate thresholds for sediment deposition, transport and erosion are based on the
Hjulström-Sundborg diagram which is a modified version by Sundborg (1956) of the Hjulström (1939)
diagram. It is a function of flow velocity and grain size. This method has its limitations as it does not take
into account a series of variables that should be used to characterize flow in tidally-influenced channels,
but it is still very useful when not so much data is available. In terms of cohesion, for simplification we
separate the sediments in non-cohesive sands (> 0.063 mm) and non-cohesive to cohesive mud (<
0.063). The cohesiveness of mud depends on the relative clay content within the deposit. These limits
follow the sediment classification used in this study (Wentworth, 1922). For consolidation of cohesive
sediments, we consider the relative time, relative thickness and relative clay content of the deposit.
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1.4 Theoretical Concepts

1.4.1 Fluvial Marine Transition zone (FMT)
The FMT marks the interface between a river and the ocean, encompassing a region that
is directly impacted by the physics of both systems (Howes et al.,2016). It can extend for
hundreds of kilometers landward in extensive, low-gradient settings (Van den Berg et al., 2007;
Martinius and Gowland, 2011; Lamb et al., 2012). Many authors have defined the FMT, but
mostly focused on the hydrodynamic aspects (Allen, 1991; Dalrymple and Choi, 2007;
Martinius, 2011; among others). Van den Berg et al. (2007) included sedimentological aspects
in the definition of the FMT. According to the authors, the FMT comprises “the part of the river
that lies between the landward limit of observable effects of probably tidal-induced flow
deceleration on fluvial crossbedding at low river discharge and the most seaward occurrence of
a textural or structural fluvial signature at high river stage”, where periodic flow reversals occur.
However, according to Howes et al. (2016), this definition is meaningless where tides are
minimal.
The FMT location along the river profile is controlled by three external boundary
conditions: riverbed slope, river discharge and tidal amplitude (Howes et al., 2016). Based on
these parameters and field observations, the authors identified three transitions that divide
coastal rivers into distinct hydrodynamic flow fields: the backwater limit; the tidally-modulated
limit; and the bi-directional limit. Rivers may experience tidal modulation of flow far upstream of
the actual marine incursion (Boyd et al., 2006), which means that there is a unidirectional but
tidally modulated section of the river where the river current is directed seaward throughout the
tidal cycle but experiences variations in velocity as a result of an alternation of retardation (tidalbackwater) and acceleration (tidal drawdown) (Dalrymple and Choi, 2007; Martinius and
Gowland, 2011). Thus, the landward limit of the fluvial-tidal transition zone would be further
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upstream of the limit of tidal modulation, termed the backwater zone, where there is no longer a
tidal influence causing tidal modulation (Howes et al., 2016). Therefore, the limit of flow reversal
is not necessarily the limit of tidally-generated sedimentary structures.
The FMT usually consists of alternating facies units reflecting fluvial dominance at high
river discharge contrasting with tidal dominance at low river discharge. Therefore, the fluvialand tide-dominated deposits are expected to alternate in the vertical succession (Van den Berg
et al., 2007). With the exception of extremely low discharge periods, fluvial currents are stronger
than the opposing flood tide current (as they are aided by the ebb current). Thus, they are
capable of transporting coarser sediments when compared to sediment transported by the flood
tide (Van den Berg et al., 2007). The FMT can be recognized by a marked decrease in channel
sediment grain size, the appearance of numerous mud laminae and rhythmic sand-mud
bedding, and a disappearance of alluvial flood and overbank deposits (Allen 1991). Farther
upstream, the fluvial-dominated deposits become more abundant while the tide-dominated
deposits are more abundant in the opposite (downstream) direction.

1.4.2 Tidal Asymmetry
Tidal asymmetry is a distortion experienced by the tidal wave when propagating into the
estuary (Dronkers, 1986; Friedrichs and Aubrey, 1988). There are different types of tidal
asymmetry. The tidal asymmetry related to currents velocities (tide current asymmetry), also
known as horizontal asymmetry (Wang et al., 1999), is expressed by differences in magnitude
and duration between the ebb and flood flows, which are responsible for generating dominant
and subordinate currents that lead to residual sediment transport in the direction of the
dominant flow (Dronkers, 1986). Flood-dominance tends to move the sediments landward while
ebb-dominance tends to move the sediments seaward (Dalrymple, 2010; Hughes, 2012).
Therefore, it exerts an important control on the morphology and sediment distribution within tidal
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point bars (Barwis, 1978). Fluvial discharges can produce apparent ebb-dominance towards the
tidal limit as the flows are superimposed (Dalrymple and Choi, 2007; Hughes, 2012).
Another type of tidal asymmetry is the asymmetry of the vertical tide, or vertical
asymmetry (Wang et al., 1999). It is related to inequalities in tidal water levels between the
rising and the falling tidal periods. This type of asymmetry is associated with the distortion of the
semi-diurnal tide due to the overtides generated in shallow water (Pingree and Maddock, 1978).
In this type of asymmetry, the ebb- or flood-dominance is determined by the phase difference
between the overtide and the semi-diurnal tide. This type of asymmetry is stronger during spring
tides than neap tides (Zarillo, 1985; Wang et al., 1999).
The difference in the duration of slack water preceding ebb and flood is associated with
another type of tidal asymmetry. This type of tidal asymmetry affects the residual transport of
suspended sediments (Postma, 1961; Dronkers, 1986; Wang et al., 1999) as fine sediment load
responds more strongly to tidal variations in the period around slack water than around
maximum current speeds (Dronkers, 1986). If the duration of slack water before flood exceeds
the duration of slack water before ebb, an export (ebb-dominance) of fine suspended sediment
is favored and vice-versa (Dronkers, 1986; Wang et al., 1999). Dronkers (1986) explains that
the sediment settled before flood will not follow the tidal motion until the flood current reaches
the critical speed for erosion. Therefore, in this lapse of time, the settled sediment is displaced
in the seaward direction. The opposite occurs for the sediment settled before ebb, which will be
displaced in the landward direction.

1.4.3 Estuarine Turbidity Maximum (ETM)
The mixing of fresh and salt water leads to a density-driven residual circulation, with
a seaward-directed freshwater flow at the surface and a landward-directed saline flow near the
bottom, resulting in estuarine circulation. Landward of the salt intrusion limit, often an Estuarine
Turbidity Maximum (ETM) is observed (Postma, 1967). The ETM is a zone of significantly
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elevated concentration of suspended sediments (Dalrymple and Choi, 2007; Dalrymple et al.,
2012). When the fine-grained suspended sediments carried by the river enter a region with
measureable salinity, they begin to form loose aggregates called flocs in response to the
electrical attraction between the ions in water and the unsatisfied bonds at the edges of the
crystal lattices, and to the binding action of complex organic molecules. This flocculation
combined with the density-driven residual circulation, tends to trap the suspended sediment
within the ETM, that during slack-water periods, settle to the bed and are deposited as mud
drapes (Dalrymple and Choi, 2007; Dalrymple et al., 2012).
The degree of stratification within an estuary is influenced by the offshore morphology, the
channel geometry, the fluvial input and the characteristics of the tidal wave (Savenije 2005;
Howes et al., 2016). In partially stratified estuaries, turbulent eddies mix the water column
producing a more gradual vertical salinity gradient. In well mixed estuaries, vertical salinity
gradients are absent, rather a steady downstream increase in overall salinity exists (Leeder,
1999). However, the ETM may still occur in well mixed estuaries, but it is mainly controlled by
tidal pumping (Yu et al., 2014).
The position of the ETM migrates along the river profile in response to seasonal variations
in river discharge. For example, in the Gironde estuary, a partially- to well-mixed macrotidal
estuary, the ETM is located in a landward position during low flow, but during high flow it is
located in a relatively stable seaward position, maintained largely through density driven
circulation (Allen, 1991). During periods of low river discharges, tide current asymmetry plays
the major role in trapping suspended sediment and maintaining the ETM in the upper estuarine
channels (Allen et al., 1980; Allen, 1991). In addition to river discharges and tide current
asymmetry, the ETM is also affected by neap-spring tidal variation. During spring tides, the
stronger currents erode and re-suspend muddy sediments, increasing the concentration of
suspended sediment in the water column. During neap tides, the weak currents and prolonged
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periods of slack water favor mud settling, resulting in a rhythmic alternation of sand and mud
laminations, characteristic of tidal estuarine deposits (Allen, 1991).

1.4.4 Point bars
Point bars are developed in meandering channels by sediments eroded from cut banks
and deposited at inner banks where the energy is lower. They often exhibit distinct morphology,
and sedimentary and stratigraphic records, which are dependent on the governing
hydrodynamic processes. Therefore, fluvial and tidal point bars exhibit many differences mainly
due to: flow-stage relationships, unidirectional versus bi-directional flows and tidal asymmetry
(Marani et al., 2002; Hughes, 2012).

1.4.4.1

Fluvial point bars

Fluvial point bars are developed in channels where the currents, sediment sources, and
sedimentation processes are strongly governed by riverine discharge, flood events, and the
confining nature of the alluvial channel and levee system (Hughes, 2012). Thus, they are under
the influence of unidirectional river currents, and consist of thick coarse- to fine-grained trough
cross-bedded sands at the bottom grading to ripple-bedded sands at the top. These
stratifications dip predominantly downstream. Flooding events may also create mud drapes in
swale regions of point bars as well as deposit clay plugs (Hughes, 2012).
Fluvial point bars are fully-attached to the channel bank and exhibit upward- and
downstream-fining grain size trends (bars (Allen, 1963, 1964, 1970, 1982; Miall, 1980; 1992;
2014; Jackson, 1976; Bridge, 2006; Durkin et al., 2015; among others). The upward-fining trend
occurs due to the stronger helical flow near base of the bar, where coarser grains are deposited,
whereas flows toward the top of the point bar exhibit lower energy and, thus, fines are
deposited. The downstream-finning trend is caused by the decreasing current flow around the
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apex of the channel bend, which tends to release fine-grained material from suspension further
downstream (LaBrecque et al., 2011).

1.4.4.2

Tidal point bars

Tidal point bars develop in meandering tidal channels, which as opposed to fluvial
channels, exhibit mutually evasive currents (ebb and flood currents) during each tidal cycle.
Therefore, tidal point bars are developed under the influence of mutually evasive ebb and flood
flows during each tidal cycle (Hughes et al., 2012, 2014). These flows reverse over each semidiurnal or diurnal tidal cycle following distinct pathways so the main streamline is directed to
alternating sides of the meander (Hibma et al., 2004; Li et al., 2008; Hughes et al., 2012, 2014)
causing deposition or erosion on the upstream and downstream bank of a meander alternately
(Hughes, 2012).
The separation of flood and ebb flows to either side of the point bar results in a residual
circulation over the bar where the bedload and suspended load may move in different directions
in the same area. The bedload material almost always displays a residual or net movement in
the direction of the fastest current (Faguerazzi et al., 2004; Li et al., 2008; Hughes, 2012). The
differing pathways of the ebb and flood flows also interfere on the surface of the bar that may be
dominated by ebb-oriented bedforms on the crest and outer side, and by flood-oriented
bedforms on the inner side (Hughes et al., 2012, 2014; Hughes, 2012).
During ebb flows, the seaward inner portion of the point bar is sheltered from the ebb tide,
but it experiences the full force of the flood tide. As a result, a shallow flood-dominant channel
may be developed. This morphology is determined by channel sinuosity and tidal asymmetry
(Barwis, 1978; Hughes, 2012). Overall, flood channels become shorter up-estuary due to the
decreasing wavelength of the meanders, and are absent landward of the upper limit of FMT,
where the bars are typically fully-attached to the bank. Conversely, in the seaward direction
flood channels become sufficiently wide to assume the role of the main channel during periods
18

of flood flows, leading to the alternation of channel location between two discrete locations and
the episodic creation of channel-center bars (Barwis, 1978; Dalrymple and Choi, 2007; Van
Proosdij and Baker, 2007; Burningham, 2008; Dalrymple et al., 2012).
Stratigraphically, tidal point bars are distinguishable from fluvial point bars mainly by the
presence of bi-directional IHS, showing an increase in mud content and lateral continuity of mud
beds (Thomas et al., 1987; Hughes et al., 2012, 2014; Souza et al, 2016). However, tidal point
bars located along estuarine fluvial-tidal transition zones may exhibit distinct facies reflecting the
alternation between fluvial versus tidal influences (Van den Berg et al., 2007).

1.4.5 Inclined Heterolithic Stratifications (IHS)
The sedimentological characteristics of tide-dominated deposits reflect the variations in
water level fluctuation, mainly caused by the influence of bi-directional flows (ebb versus flood)
combined with neap-spring cycles. Those variations in water level cause periodic changes in
current speed and direction, producing sedimentary deposits and structures, such as the
inclined heterolithic stratifications (IHS) (Thomas et al., 1987; Dalrymple et al., 1992; Boyd et al.,
2006).
The heterogeneous architecture of tidal point bars is mostly characterized by the
presence of IHS, which are parallel to sub-parallel strata, predominantly composed of
interbedded deposits of sand and mud, traceable along their strikes for many tens of meters and
possessing original (depositional) dips (between 1 and 36°) (Thomas et al., 1987). However, in
strike-section exposures IHS may be unrecognized because of its lack of apparent dip (Thomas
et al., 1987).
The sand-mud couplets exhibit a variety of thicknesses ranging from decimeter-thick
beds to millimeter-/submillimeter-thick laminations (Thomas et al., 1987), which are usually a
result of spring–neap tidal fluctuations (Boersma and Terwindt, 1981). The amount of mud
preserved in the deposit is directly connected to the amount mud in suspension available in the
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system and to the current velocities, if they are strong enough to erode the deposited mud from
the ripple crests or not (Dalrymple, 2010).
IHS deposits occur in a variety of environments, but they are mostly developed in
meandering channels of freshwater rivers, tide-influenced rivers and tidal creeks, as a result of
the lateral growth of tidal point bars (Mossop and Flach, 1983; Smith, 1987; Thomas et al.,
1987; Van den Berg et al., 2007). They are indicative of high frequency variability in
hydrodynamics, which is typical in tidal systems (Hughes, 2012).
This type of deposit illustrates the effects in the sedimentary record of the retardation or
reversal of the flow caused by the tidal influence, as well as the elevated concentration of
suspended mud in the system (Van den Berg et al., 2007). Coarser and finer sediments are
deposited during periods of relatively high velocity (peak ebb and flood tidal flows) and low
velocity (slack water), respectively. Therefore, the sand particles of the IHS couplets are
generally interpreted as traction load (bedload) sediments, while its muddy fraction (mud
drapes) is formed by settling from suspension under conditions of much-reduced velocity
(Thomas et al., 1987).
Most of the contacts between the sand and mud within the IHS are sharp, which might
indicate that the accumulation occurred during episodic and hydrologically distinct events
(Thomas et al 1987). However, this hypothesis might not be valid for centimetric-thick muddy
layers. Terwindt and Breusers, (1972) believe that these type of deposits accumulate over
several slack water periods whereas Hawley (1981) attributes them to longer term, higher
concentration, suspension-fallout events such as those that follow storms. Musial et al. (2012)
consider that thick muddy deposits are an expression of neap tide period amalgamation as
some of the thick sandy layers could represent an amalgamation of the deposits during spring
tide periods. One issue about the hypothesis of the non-episodic formation of the centimetricthick muddy layers is preservation, which requires that their cohesion and consolidation
properties and the magnitude of the subsequent tidal current's velocity are such that the critical
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shear velocity required for their erosion is not exceeded (Thomas et al 1987). If we consider that
these centimetric-muddy deposits were deposited not as individual silt- and clay-sized particles
but as flocs or intraclasts, preservation would not be an issue (Thomas et al 1987).
Another important heterolithic deposit commonly found in tidal environments is the
lenticular bedding (Reineck, 1967). Although they are mainly formed on tidal flats, these types of
deposits can also be observed in tidal point bars. Contrary to tidal flats, in tidal point bars they
may also exhibit original dips, and as such classified in this study as a type of IHS facies. They
consist of sand lenses formed by rippled sand layers interbedded with mud drapes and
subdivided in three categories, reflecting the decrease in the system energy, respectively (thus,
increase in the rates of mud deposition and/or decrease of mud erosion): flaser, wavy and
lenticular beddings. Flaser beddings occur when sands are dominant and mud drapes are thin
and discontinuous; wavy beddings occur when the amount of sand and mud are almost equal;
and lenticular beddings are dominated by mud with discontinuous rippled sands (Olariu et al.,
2015). Mud drapes are remnants of muddy layers deposited over the ripples presumably during
slack water episodes and partially eroded during periods of higher velocities (Reineck and
Wunderlich, 1968).

1.4.6 Impact of tidal influence on reservoir quality
Tidal facies are characterized by lower reservoir potential than fluvial facies. The presence
of the rhythmic alternation of sand reservoirs with muddy seals reduces the net-gross value and
the lateral continuation of the mud beds may reduce connectivity within the reservoir. In the
case of tidal point bars, mud drapes might act as small-scale permeability barriers and, thus,
they reduce reservoir potential.
The distribution and thickness of sandstone and siltstone beds, especially in IHS
successions, are important factors that control reservoir size, quality, and connectivity in point
bars. The probability of successful oil extraction is highest where sandstone beds are
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widespread and vertically continuous, muddy baffles and barriers to fluid flow are thin and
laterally restricted, and heterogeneity within IHS deposits is relatively low (LaBrecque et al.,
2011).
The slight increase in tidal range, and the more frequent occurrence of tidal rivers, can
cause a decrease reservoir quality (Sexton and Hayes, 1996). Tidal point bars located within the
zone of turbidity maximum may present the lowest net-gross and permeability because of the
highest concentration of fine-grained suspended material, generating thick massive mud seals.
According to LaBrecque et al. (2011), the sandy IHS facies in a point bar of the Mc Murray
Formation, present highly variable net-gross ratios (varying form 5% to 50% of siltstone).
However, depending on the connectivity, this may still represent an important reservoir facies.

1.4.7 Evolution of the Georgia coastline
The modern Georgia coast is a drowned coast (Hayes, 1994), bordered by a series of
barrier islands separated by relatively deep tidal inlets or sounds (Vernon, 2019). The barrier
islands are consisted of a landward core of remnant Pleistocene barrier island sediment overlain
by an outer fringe of Holocene beach ridges with intervening marsh and tidal-channel deposits
(Moslow, 1980; Hayes, 1994). Their formation and evolution were mainly controlled by changes
in sea level since the Pleistocene. Since that, continuous chains of barrier islands were
developed in the region, parallel to the coastline, during Pleistocene and the Holocene.
The Pleistocene was marked by several glaciations and during the interglacial periods,
the sea level rose to higher levels than present-day level, reaching up to 30 m during the
Wicomico time (1 – 1.7 Ma BP) (Hayes and Michel, 2013). The peak of the last major
interglacial period, the Sangamon, was around 120,000 BP. At that time, sea level was about
4.5 meters higher than today (Colquhon, 1974; Hayes and Michel, 2013). The Pleistocene
barrier islands were formed during these highstands, when linear ridges of sand dunes
remained above sea level and were gradually built into barrier islands. These barrier islands
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were developed before the formation of the continental ice sheet from the Wisconsin Glacial
Stage (peak around 21,000 BP), when the sea level lowered around 130 m (Fleming et al.,
1998; Clark and Mix, 2002, Hayes, 1994) and the shoreline migrated 128 km offshore (Henry
and Hoyt, 1968). During this regression, linear shoreline complexes were formed. The most
recent is the late Pleistocene Silver Bluff Formation, when the sea level was about 1.5 meters
higher then present-day (Hayes and Michel, 2013).
From the end of Pleistocene (about 12,000 BP), which corresponds to the end of the
Wisconsin Glacial Stage, another transgressive phase started. The sea level started to rise
again but not at a constant rate. Several variations in vertical fluctuations have been occurring
over the 6,000 past years. The initial transgression was relatively rapid, about 1 m per century
(Davis, 1994). About 6,000 BP, there was a significant decrease in the rate of sea level rise to
approximately 0.3 m per century Bishop et al., 2011). Around 5,000 to 4,500 BP, a highstand at
about 0.5 to 1.5 meters below present sea level occurred and the Holocene barrier islands
began to form (DePratter and Howard, 1980; Howard and Frey, 1980; Moslow, 1980). One
example of a Holocene barrier in the regional studied area is the Blackbeard Island, which is the
Holocene component of the Sapelo complex, and overlies the Pleistocene Silver Bluff deposits.
Sometime between 3000 and 2000 BP, the sea level dropped significantly to 2-4 meters below
present day levels, and from 2,000 BP near the present-day level, sea level was in stillstand
conditions (Colquhoun and Brooks, 1986; DePratter and Howard, 1980; Hayes, 1994).
Currently, the sea level is rising at a rate of approximately 0.30 cm over the past 75 years in the
region, based on the Fort Pulaski tidal gauging station, near the Altamaha River (Hurley et al.,
2019).
Barrier islands can migrate landward or prograde during their evolution. They will
migrate landward under conditions of low sediment supply and relatively rapid level rise for a
significant amount of time (in hundreds or thousands, of years). However, if sediment supply is
abundant and sea level rise is relatively slow (or stable), they will form oceanward prograding
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beaches (Hayes, 1994). The barrier islands near the studied area were developed along the
deltaic bulge of the Altamaha River and can be classified as regressive (prograding) delta-front
barrier islands, according to Hayes (1994), based on Moslow (1980) and Tye (1981). In
regressive barrier islands, the beach ridge progrades seaward in episodic events (Moslow,
1980). Thus, shoreface sediments are reworked by migrating backbarrier tidal creeks and tidal
inlets (Duc and Tye, 1987). The present-day marshes were developed over the past several
thousand years, as the Holocene sea slowly rose to reoccupy the area behind the existing
Pleistocene barriers and the newly forming Holocene barriers (Vernon, 2019)

1.4.8 Preservation of estuarine landforms in face of eustatic sea level changes
Estuaries are initially formed at the beginning of a transgression and migrate landward as
transgression proceeds (Dalrymple, 1992). During transgression, the rates of sea level rise
outpace the sedimentation rate generating a landward migration of the shoreline, resulting in
retrogradational stacking patterns, which generate overall upward-fining successions within both
marine and non-marine sequences. In a complete transgressive section, the relative sea level
rise is characterized by the occurrence of fluvial deposits overlain by tidal/estuarine deposits
and lastly by marine facies (Dalrymple et al., 1992; Shanley et al., 1992; Boyd et al., 2006).
In coastal settings, the Transgressive Systems Tract (TST) is commonly indicated by the
presence of estuarine depositional systems and barrier islands (Catuneanu, 2002; Reinson,
1992). The TST is limited at the base by the maximum regressive surface (MRS), also known as
Transgressive Surface (TS), and at the top by the maximum flooding surface (MxFS), which
marks the farthest upstream extent of a transgression. The MxFS is situated at the top of the
youngest estuarine facies (Hamilton and Tadros 1994; Catuneanu 2002), reflecting the
maximum landward extend of tide-influenced deposits (Shanley et al. 1992).
The differences between the larger- and the smaller-scale sequences, system tracts and
surfaces can be resolved using the concept of hierarchy. The most important sequences and
24

bounding surfaces are first order events and occur less through the geological time relative to
the lower order events (Catuneanu, 2002).
Transgressive sequences are the most widespread among the present Holocene barrier
island systems due to the slow sea level rise sea level combined with a low to modest sediment
supply to the barriers (Davis, 1994). As the estuary continues to migrate landward, the upper
portion of the transgressive succession is commonly removed by the landward retreat of
estuarine shorefaces and tidal channels (Dalrymple et al., 1992; Reinson, 1992). The erosional
shoreface retreat occurs due to the landward retreat of the shoreline (Reinson, 1992). Shoreline
shifts can be represented in different orders of cyclicity (Catuneanu, 2002). They form a planar
erosional surface (ravinement surface) over which the redistributed shoreface and inner shelf
sands will be deposited (Dalrymple et al., 1992; Reinson, 1992).
The amount of preserved section in transgressive sequences, and therefore estuarine
deposits, varies mainly according to the relation between the relative rates of sea level rise and
the amount of sediment supply trough time (Fischer, 1961; Davis, 1994; Darylmple at el., 1992,
among others), but other researches also attribute the degree of preservation, for example, to
the paleovalley and to the characteristics of the shoreface headward migration (Davis and
Clifton 1987; Dalrymple et al., 1992) or even to the angle of shoreward translation compared to
the slope of the shoreface, regarding the preservation of shoreline facies (Cant, 1993).
According to (Reinson, 1992), if sea level rise is slow compared with the rate of landward
erosion, almost all of the barrier system will be destroyed. During slow sea level rise, only a
small part of coastal deposits is preserved in contrast to a total preservation during rapid sea
level rise (Davis, 1994). This statement is in contrast, for example, with (Hayes, 1994), where
the author stated that the regressive barrier islands in the Georgia bight would be eroded under
conditions of rapid sea level rise, and also with Rieu et al. (2005), where the authors concluded
that during the rapid retrogradation of the coastline, the overstepping of sandy barriers occurs
and only the deepest parts of the channel fills are preserved. Pontén and Plink-Bjorklund (2009)
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observed well preserved tidal bars in several places across the tide-dominated Amata Fm, from
the Middle Devonian Baltic Basin. The authors attribute this preservation potential to the relative
sea level rise and back stepping of the distributary channel system, which contributed to the
gradual increase in the accommodation space in the outer estuary and to the gradual
abandoned of the bars. During progradation, however, the distributary channels erode into
previously deposited tidal bars.
The low sediment supply tend to form thin sequences while increased rates of sediment
supply result in aggradational conditions (when in equilibrium with the sea level rise) or
progradational conditions (during very slow rising of the sea level) (Davis, 1994). Therefore,
during transgression, barrier-bar complexes under progradational conditions may be most likely
entirely preserved (Curray, 1964; Zaitlin and Shultz 1990), with shoreface sediments overlying
flood-tidal deltas and tidal inlet deposits (Dalrymple, et al. 1992). Moslow (1980), for example,
observed that gradual rise in relative sea level over the past 4,000 years has been
overcompensated by the rate of sediment supply along prograding barrier islands in South
Carolina.
Most of the present-day estuaries were formed within incised valleys during the last glacial
maxima. Dalrymple et al. (1992) argued that deposits from estuaries developed in drowned
valleys have high preservation potential due to their confined location within deep paleovalleys.
In contrast with the widely accepted mechanism of erosional shoreface retreat, another
mechanism is also used to explain the barrier island shoreline behavior during transgression,
the in place drowning model (Reinson, 1992). In this model, the barrier remains in place as sea
level rises until the wave zone reaches the top of the barrier and overstep landward. A new
sand barrier is then formed on the inner side of the estuary and the old barrier is essentially
drowned in place. Therefore, this model predicts successions with a high preservation potential,
such that even with relative rise of sea level, the transgressive sequences could be almost
completely preserved (Reinson, 1992).
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Chapter 2 The role of the fluvial input in the sedimentology of point
bars in meandering tidal rivers
2.1 Introduction
One of the fundamental hydrodynamic contrasts between fluvial and tidal channels is the
difference in the temporal relationship between water surface elevation and the concomitant
flow velocity Barwis (1978). In purely fluvial channels, the highest and lowest flow velocities
occur during the highest and lowest river stages, respectively, and the river currents are
constantly seaward directed. However, in most tide-influenced and tide-dominated channels, the
highest flow velocities occur in intermediate tidal stages and lowest velocities occur near, but
not necessarily coincident, to the periods of high and low water. These periods are associated
with current reversals, when velocities are close to zero (Barwis, 1978; Dalrymple, 2010;
Hughes, 2012).
Although the hydrodynamic and resulting sedimentation processes controlling the
evolution and development of the internal sedimentological and stratigraphic architecture of
fluvial point bars are well-understood (Allen, 1963; 1964; 1970; Jackson, 1976; Ghinassi and
Ielpi, 2015; Ghinassi et al., 2016; among others), studies of point bars developed in tideinfluenced fluvial channels and in tidal channels with no fluvial input are still emerging. The
complicated interactions between erosional and depositional processes involved in the
development of the IHS (Choi, 2011; Olariu et al., 2015) and the influence of the mutually
evasive ebb and flood currents during each tidal cycle (Li et al., 2008; Hughes et al., 2012,
2014) create complexities making sedimentological and stratigraphic studies of tidal point bars
difficult compared to point bars developed under no tidal influence. Nevertheless, with the
successful oil sands production from the McMurray Formation and due to its considerable
internal heterogeneous architecture, studies addressing the uncertainties in its quality,
connectivity and continuity have been significantly increasing since the last decade (Fustic et al.
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2008; Hubbard et al., 2011; LaBrecque et al., 2011; Musial et al., 2012; Nardin et al.2012;
Leckie et al.2014; Jablonski and Dalrymple, 2016; Tang et al., 2019). Yet, studies of modern
analogs of this type of subsurface reservoir, where it is possible to observe and measure the
actual hydrodynamic conditions under which sediments are deposited, are still in their infancy.
Many sedimentological studies in modern tide-influenced environments are focused on
hydrodynamics and provide an overview of the different tide-influenced deposits, briefly
mentioning the sedimentology and stratigraphy of tidal point bars (e.g. Klein, 1977; Barwis,
1978; Davis, 1992; Boyd et al., 2006). Most of the studies in modern environments were
conducted along the Fluvial Marine Transition zones (FMT) of modern rivers, varying between
fluvial- to tide-dominated reaches (Sexton and Hayes, 1996; Allen, 1991; Dalrymple and Choi,
2007; Van den Berg et al., 2007; Dalrymple et al., 2012; Dashtgard et al.2012; Sisulak and
Dashtgard, 2012; Carling et al., 2015; Bomer et al., 2019). Studies of tidal point bars developed
along tidal creeks, where the river influence is negligible or absent (e.g. Barwis, 1978; Smith,
1987; Brivio et al., 2016; Ghinassi et al., 2017a), are even less frequent than the studies
conducted in fluvial-influenced environments. A brief description of tidal point bars located close
to or at the studied sites can be found in Land and Hoyt (1966), and Howard et al. (1975),
Hughes et al. (2012, 2014) and Souza et al. (2015), respectively.
In this Chapter, we investigate and compare the sedimentological characteristics of two
modern tidal point bars located in coastal Georgia. Although developed under similar tidal
ranges (mesotidal), these bars exhibit distinct morphologies and heterogeneous internal
architectures, which do not follow the theoretical models of fluvial point bars. One bar was
developed in the bi-directional reach of the fluvial marine transition zone (FMT) in one of the
distributaries of the Altamaha River (AL2) and the other was developed in the Duplin Tidal River
(DUP), which receives negligible freshwater input. We aim to understand how the variations in
flow patterns in tidal environments combined with changes in magnitude of the fluvial input (or
its absence) contribute to the development of morphologically and sedimentologically distinct
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point bars. Using cores and 2D shallow seismic data, we performed millimetric sedimentological
descriptions and qualitative and quantitative analyses of the sediment distribution within these
two tidal point bars, discuss the characteristics of the laterally accreting surfaces and stratal
geometries contributing to the unique evolution of each bar, and delineate distinct
sedimentological packages accountable for their stratigraphic architectures.

2.2 Results
2.2.1 Overall sediment distribution
Fluvial input
The AL2 bar is very heterogeneous. It is mostly composed of massive sand (usually
containing centimetric mud clasts) intercalated with massive clay. Few sets of bi-directional
sandy to muddy IHS, with scarce millimetric silty drapes to more frequent centimetric clayey
drapes, are also present. Current reversals and heterolithic lenticular beddings (flaser, wavy and
lenticular) occur infrequently. Most of the cores exhibit multiple erosive surfaces, which are
mainly delimiting the base of coarser massive sandy deposits (Figure 4A; Appendix I). The
upper parts of the cores 1 and 4 consist of upward-coarsening and also upward-sandier
deposits, with sand grain sizes increasing from fine to medium.
This bar is, overall, mostly composed of clean sand (54%) and silty clay (20%). The total
sand content is 61% and the total mud content (total clay + total silt) corresponds to 39% (Table
2A; Figure 5A). The bar is poorly sorted, with a wide grain size range, varying from clay to very
coarse sand, with the clayey particles (35%) and medium sands (34%) being the most abundant
(Table 2B; Figure 5B)3.

3

The values of the average (in percentage) of the sediment particles (e.g. clay and silt) can be slightly
different when comparing the Sediment Type Distribution and Grain Size Distribution in the Tables 2A
and B as those values were calculated based on different data sources. The values of Sediment Type
Distribution and Grain Size Distribution were extracted from the Sediment and Grain Size columns
interpreted in the core logs, respectively. The values extracted from the Sediment column are more
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The Bioturbation Index (BI) varies from 0 to 3 (from absent to moderate bioturbation).
Most of the bar (52%) is non-bioturbated (BI = 0) and the majority of the bioturbated deposits
have a BI equal to 1 (31%), where the burrowed areas correspond to 1 to 5%, bioturbation is
sparse, with few discrete traces and the bedding is still distinct (Reineck, 1963; Taylor and
Goldring, 1993; Tucker, 2011). Deposits with BI equal to 3 are found in 6% of the bar (Table2C;
Figure 5C). Muds in AL2 are usually non-bioturbated or present low BI (Appendix I).
No fluvial input
The DUP bar is mainly composed of sets of bi-directional thin-layered sandy IHS. Few
sedimentary deposits consist of massive sand (mostly at the top) and bi-directional muddy IHS.
Mud drapes are mainly consisted of millimetric silty drapes. Current reversals and heterolithic
lenticular beddings (flaser, wavy and lenticular) are very frequent. Erosive surfaces are
occasional, present only in the upper parts of the cores (Figure4B; Appendix I). The upper parts
of the all of the cores consist of upward-coarsening and also upward-sandier deposits, with
sand grain sizes increasing from very fine to fine.
This bar is mostly composed of clean sand (80%) and pure silt (16%). Sand is totally
clean (no silty or clayey sands) and the total silt (sandy silt + pure silt + clayey silt) concentration
is equal to 18%. The total clay (sandy clay + silty clay + pure clay) corresponds to only 2% of
the bar (Table 2A; Figure 5A). The clayey layers are centimetric and restricted to an
intermediate section of the bar (cores 1 and 4), forming a distinct interval, consisted of muddy to
mixed IHS Figure 4B. The bar consists of well sorted deposits with grain size range varying from
clay to medium sand. It is devoid of coarse and very coarse sands and it is mostly composed of
fine sand (66%), followed by silt (21%) (Table 2B; Figure 5B)3.
The Bioturbation Index (BI) varies from 0 to 5 (from absent to abundant with bedding just
visible but completely disturbed) (Reineck, 1963; Taylor and Goldring, 1993; Tucker, 2011).
accurate due to the higher resolution picking method applied in this column. Therefore, they were used
for the calculations of sediment distribution. The values of the Grain Size column are useful to discretize
the sand particle sizes.
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Most of the bar (41%) low bioturbated (BI equal to 1), which means that the burrowed area
corresponds to 1 to 5%, where bioturbation is sparse, with few discrete traces and the bedding
is still distinct (Reineck, 1963; Taylor and Goldring, 1993; Tucker, 2011). Nearly 30% of the bar
is non-bioturbated, moderate bioturbation corresponds to 27% and only 3% of the deposits are
intensely bioturbated (Table 2C; Figure 5C). Muds in DUP present higher bioturbation levels
then muds in AL2 (Appendix I).
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AL2

Figure 4 - Core logs - core
photographs, sediment type
and grain size columns
(extracted from the core logs).
(A) AL2. Core logs elevations are
based on bathymetric data
collected during field campaign.
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DUP

Figure 4 (cont.) – core photographs,
sediment type and grain size columns
(extracted from the core logs). (B) DUP.
Core logs elevations are based on
bathymetric data collected during field
campaign.
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Figure 5 - Overall sedimentological
characteristics of AL2 and DUP
(in percentages). (A) Sediment
distribution. (B) Grain size distribution (VC
– very coarse sand, C – coarse sand; M –
medium sand; F – fine sand, VF – very
fine sand). (C) BI (bioturbation index)
distribution.

%

%

%
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A
A

B
A

C
A

Table 2 - Overall sedimentological characteristics of AL2 and DUP (in percentage). (A) Sediment
distribution (B) Grain size distribution. FC – very coarse sand; C – coarse sand; M – medium sand; F –
fine sand; VF – very fine sand. (C) BI (bioturbation index) distribution. The lengths of the gray data bars
within the cells represent their respective values.

A
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2.2.2 Lateral sediment distribution
Fluvial input
Three cores were recovered closer to the ebb channel: at the landward, middle and
seaward parts of the AL2 bar (cores 1,2 and 4, respectively). Two cores were recovered closer
to the flood channel: at the middle and seaward parts of the AL2 bar (core 3 and 5,
respectively). No cores were recovered at the landward part of the bar closer to the flood
channel (Figure 2).


Ebb channel (from the landward to the seaward parts of the bar):
Total sand and silt concentrations decrease from 73% to 45% and from 9% to 0%,

respectively, while total clay content increases from 18% to 55% (Table 2A; Figures 6A and 7A).
In both landward and seaward parts of the bar, sands are mostly medium sized (varying from
46% to 23%) followed by fine sized (fine and very fine) (varying from 21% to 18%). The highest
concentration of coarser sands (coarse and very coarse) is found in the middle part of the bar
(29%), which also has the lowest concentration of finer sands (11%) (Table 2B; Figures 6B and
7B). The percentage of absent plus low bioturbated deposits increases from 70% to 89% while
the moderately bioturbated deposits decrease from 30% to 11%. However, the highest
percentage of the absent plus low bioturbated deposits (96%) is found at the middle part of the
bar. The maximum BI value found in the bar (BI equal to 3) was found in its landward part,
comprising 25% of this part of the bar (Table 2C; Figures 6C and 7C).


Flood channel (from the middle to the seaward parts of the bar):
Total sand and silt concentrations decrease from 78% to 40%, and 8% to 1%,

respectively, while total clay content increases from 14% to 59%. Clean sand values
significantly decrease from 76% to 23% while clayey sand increases from 0% to 17% (Table 2A;
Figures 6A and 7A). Sands are mostly medium sized in the middle part of the bar (57%) while in
its seaward part, the percentages of medium and fine sands are nearly the same (varying from
16% to 17%, respectively). Concentrations of coarser sands are low and nearly the same
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comparing the middle and seaward parts of the bar (decreasing from 7% to 6%) (Table 2B;
Figures 6B and 7B). Likewise the ebb channel, the highest percentage of the absent plus low
bioturbated deposits (95%) is found at the middle part of the bar. However, the maximum BI
value found in the bar (BI equal to 3) was found at its seaward part, but comprising only 3% of
this part of the bar (Table 2C; Figures 6C and 7C).


Middle part of the bar (from the ebb toward the flood channel):
Total sand content increases from 68% to 78% while clay content slightly decreases from

22% to 14%. Silt concentrations are low and do not significantly vary (decreasing from 10% to
8%) (Table 2A; Figures 6A and 7A). Concentration of medium sands significantly increases 27%
to 57% while concentration of coarser sands (coarse and very coarse) decreases from 29% to
7%. Finer sands (very fine and fine) do not exhibit significant variations (nearly 11%) (Table 2B;
Figures 6B and 7B). There are no significant variations in bioturbation. The percentages of
absent plus low bioturbated decrease from 96% to 95%. Concentrations of moderately
bioturbated deposits are low, increasing from 4% to 5%, with maximum BI value equal to 2
(Table 2C; Figures 6C and 7C).


Seaward part of the bar (from the ebb toward the flood channel):
Variations in total sand, total silt and total clay contents are not significant, though sands

are cleaner closer to the ebb channel. Total sand content decreases from 45% to 40% while
total clay increases from 55% to 59%. Total silt content is infimum (less than 1%) (Table 2A;
Figures 6A and 7A). Variations in sand grain sizes are also not expressive. Medium and finer
sands contents decrease from 23% to 16% and 18% to 17%, respectively. The concentrations
of coarser sands are low, increasing from 2% to 6% (Table 2B; Figures 6B and 7B). The
percentages of absent plus low bioturbated decrease from 89% to 68%. Concentrations of
moderately bioturbated deposits increase from 11% to 32%. The highest BI (equal to 3) was
found closer to the flood channel (3 %) (Table 2C; Figures 6C and 7C).
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No fluvial input
Only one core was recovered closer to the ebb channel (core 2). It was located at the
middle part of the bar, closer to the bar crest. No cores were recovered at the landward and
seaward parts of the bar, closer to the ebb channel. The remaining cores were recovered closer
the flood channel: at the landward (core 4), middle (cores 1 and 3) and seaward (core 5) parts
of the bar (Figure 2).


Flood channel (from the landward to the seaward parts of the bar):
Clean sand increases from 72% to 85% and total silt decreases from 24% to 15%. The

highest values of total clay (6%) were found in the middle part of the bar, farthest from the bar
crest (core 1) (Table 2A; Figures 6A and 7A). Concentration of finer sands (very fine and fine)
increases from 49% to 73% while medium sands content decreases from 19% to 10%. The
highest concentration of finer sands (78%), however, were found in the middle part of the bar
(cores 1 and 3) (Table 2B; Figures 6B and 7B). Concentrations of absent plus low bioturbated
deposits increase from 68% to 79% while moderately bioturbated deposits decrease from 32%
to 17%. Concentrations of intensely bioturbated deposits are low, increasing from 0% to 4%.
However, the largest variations in bioturbation were found in the middle part of the bar when
comparing the cores located farthest and closest to the bar crest, which show the highest and
lowest bioturbation levels at the flood channel, respectively (Table 2C; Figures 6C and 7C).


Middle part of the bar (from the ebb toward the flood channel):
Variations in sediment type and grain size are not remarkable. From the core located

close to the ebb channel to the core located close to the flood channel, farthest from the bar
crest, clean sand content slightly increases from 78% to 83% while total silt decreases from
22% to 11%. Clay content is low, increasing from 0% to 6% (Table 2A; Figures 6A and 7A).
Finer sands content slightly increases from 76% to 78%. The amount of very fine sands is
higher closer to the ebb channel (20%) while closer to the flood channel it is negligible (nearly
1%). Concentration of medium sands is low (3%) and only found closer to the flood channel, at
38

the core located farthest to the bar crest (Table 2B; Figures 6B and 7B). Bioturbation degrees
are similar when comparing the core located closer to the ebb channel with the core located
closer to the flood channel, farthest from the bar crest. Concentrations of absent plus low
bioturbated deposits slightly increase from 58% to 61%. Moderately bioturbated deposits slightly
increase from 34% to 35% and intensely biorturbated deposits decrease from 8% to 4% (Table
2C; Figures 6C and 7C).

%

%

%

%

%

%

Figure 6 - Lateral sedimentological
characteristics of AL2 and DUP
(line charts) (in percentages). (A)
Sediment distribution. (B) Grain size
distribution (VC – very coarse sand,
C – coarse sand; M – medium sand;
F – fine sand, VF – very fine sand).
(C) BI (bioturbation index)
distribution. Numbered vibracores (in
parenthesis) are organized according
to their position in the bars, closer to
the ebb and flood channels, and from
their landward to seaward parts. L –
landward, M – middle, S – seaward.
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Figure 7 - Lateral sedimentological
characteristics of AL2 and DUP
(pie charts) (in percentages) (A)
Sediment distribution. (B) Grain size
distribution (VC – very coarse sand,
C – coarse sand; M – medium sand;
F – fine sand, VF – very fine sand).
(C) BI (Bioturbation Index)
distribution. Pie charts are spatially
distributed according to the position
of their respective vibracores
(satellite image from Google Earth,
May 31, 2008 - Georgia coast.
Landsat / Copernicus, U.S.
Geological Survey, NASA. Viewed
May 11, 2017).
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2.2.3 Lateral variations in bar morphology
Fluvial input
Two longitudinal 2D shallow seismic profiles illustrate the bar from its landward to its
seaward part, closer to the ebb (Figure 8A) and flood channels (Figure 8B). Three transverse
2D shallow seismic profiles illustrate the bar from the ebb toward the flood channel at its
landward (Figure 8C), middle (Figure 8D) and seaward parts (Figure 8E).


From the landward to the seaward parts of the bar (Figure 8A,B):
The depths of both ebb and flood channels decrease. Bar maximum thicknesses decrease

from 3.70 meters to 2.75 meters. Overall, the bar top surface is horizontal but, at the seaward
part of the bar, it starts to gently dip in the seaward-direction. The bar basal surface consists of
a series of very slight concave-upwards shapes that are arranged in steps, lowering in the
seaward direction. Accretion surfaces are all seaward-dipping and are mostly found in the
landward and seaward parts of the bar. The bar is mostly composed of two main distinct sets of
accretion surfaces, which are vertically separated by subhorizontal erosional surfaces. The
lower set is formed by accretion surfaces with foresets steeper than the foresets of the accretion
surfaces that form the upper set. Erosional surfaces were mostly found in the seaward and
landward parts of the bar. They vertically and laterally separate the sets of accretion surfaces.
Accretion and erosional surfaces at the middle part of the bar are rare or difficult to identify.


From the ebb toward the flood channel (Figure 8C,D,E):
The ebb channel is deeper than the flood channel. The flood channel is very shallow and

dead-ended. Overall, the bar top surface is horizontal to slightly inclined towards the ebb
channel. The bar basal surface is subhorizontal, lowering towards the channel inner bank at the
landward and middle parts of the bar, and towards the ebb channel at its seaward part.
Accretion surfaces are mostly ebbward-dipping and found closer to the ebb channel. Accretion
surfaces located closer to the flood channel are rare. The few ones mapped are all floodwarddipping. Although several erosional surfaces were identified in the cores separating distinct
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sedimentary deposits, most of them cannot be distinguished in the seismic, as they are in
subseismic-scale. Erosional surfaces are ebbward-dipping and mostly found at the landward
and seaward parts of the bar.
No fluvial input
Two longitudinal 2D shallow seismic profiles illustrate the bar from its landward to its
seaward part, both crossing from the ebb towards the flood channel (Figure 9A,B). Three
transverse 2D shallow seismic profiles illustrate the bar from the ebb toward the flood channel at
its middle (landward) (Figure 9C), middle (Figure 9D) and seaward parts (Figure 9E).


From the landward to the seaward parts of the bar (Figure 9A,B):
The depths of both ebb and flood channels decrease. The flood channel, however, is

shallowest at the middle part of the bar. Bar maximum thicknesses decrease from 6.90 to 5.50
m. The bar top surface is convex-upward, exhibiting gently dips in the seaward-direction. The
bar basal surface is subhorizontal and slightly lowered in the seaward direction. Accretion
surfaces are mostly found at the seaward part of the bar, all seaward-dipping. The few ones
found at the landward part of the bar, are all landward-dipping. Similarly to AL2, DUP is mostly
composed of two main distinct sets of accretion surfaces, which are vertically separated by
subhorizontal erosional surfaces. The lower set is formed by accretion surfaces with foresets
much steeper than foresets of the accretion surfaces that form the upper set. Erosional surfaces
are mostly horizontal to subhorizontal and were mostly found in the seaward part of the bar.
They vertically and laterally separate the sets of accretion surfaces.


From the ebb toward the flood channel (Figure 9C,D,E):
The ebb channel is deeper than the flood channel. Its top surface is convex-upward and

slightly- to moderately-inclined towards the ebb channel. Its basal surface is subhorizontal and
lowered toward the ebb channel. Accretion surfaces are mostly found closer to the ebb channel,
all ebbward-dipping. The few ones located closer to the flood channel are all floodward-dipping.
Erosional surfaces are mostly horizontal to subhorizontal and found closer to the ebb channel.
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A

B

Figure 8 - AL2 interpreted depth converted Boomer 2D shallow seismic profiles (longitudinal to bar crest) with
overlain interpreted core logs and correlated sedimentary packages (in grey). (A) closer to the ebb channel, from its
landward to its seaward part. (B) closer to the flood channel, from its seaward to its landward part. Red lines –
major discontinuities. Black lines – accretion surfaces. Light green line – top of an extensive massive muddy
deposit. Dark green line – base of an extensive massive muddy deposit.
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C

D

E

Figure 8 (cont.) – AL2 interpreted depth converted Boomer 2D shallow seismic profiles (transverse
to bar crest) with overlain interpreted core logs and correlated sedimentary packages (in grey). From the
flood toward the ebb channel at its (C) landward (D) middle and (E) seaward parts. Red lines – major
discontinuities. Black lines – accretion surfaces. Light green line – top of an extensive massive muddy
deposit. Dark green line – base of an extensive massive muddy deposit.
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A

B

Figure 9 - DUP interpreted depth converted Boomer 2D shallow seismic profiles(longitudinal to bar
crest) with overlain interpreted core logs and correlated sedimentary packages (in grey). From its
seaward to its landward part, both crossing from the ebb towards the flood channel (A and B). Red lines
– major discontinuities. Black lines – accretion surfaces.
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Figure 9 (cont.) - DUP interpreted
depth converted Boomer 2D
shallow seismic profiles (transverse
to bar crest) with overlain interpreted
core logs and correlated sedimentary
packages (in grey). From the ebb
toward the flood channel at its (C)
landward (D) middle and (E) seaward
parts. Red lines – major
discontinuities. Black lines – accretion
surfaces.

C

D

E

46

2.2.4 Stratigraphic architecture
Fluvial input
A total of seven main distinct sedimentary packages were identified in the cores recovered
from AL2 bar. They are numbered according to a chronological order of deposition, from the
oldest (1) to the youngest (7) (Table 3A; Figure 8).
AL2 was deposited over a thick, extensive and massive muddy (clayey) deposit. This
muddy deposit slightly thins in the landward direction and separates AL2 from an older point bar
deposit (upper part reached by the cores 2, 3 and 5), which exhibits sedimentological
characteristics similar to the DUP bar. The upper part of this muddy deposit is formed by
Packages 1 and 2. Package 1 was identified only at the seaward part of the bar, closer to the
flood channel. It is a 40 centimetric thick package consisted of poorly sorted coarse to very
coarse conglomerate lag4 in the base covered by thick massive sandy clay. Package 2 is found
closer to the flood channel, from the middle toward the seaward part of the bar. It mostly
consists of muddy IHS (with mm-cm silty clay) intercalated with some massive sandy clay to
clay deposits.
AL2 basal deposit erosionally overlies the muddy deposit. It is represented by Package 3,
which was identified throughout the bar. It is a subhorizontal package formed by low angle
accretion surfaces. It is predominantly consisted of poorly (at the base) to well sorted (at the
top) mixed IHS (with mm-cm clayey to silty drapes).
Above the basal deposit, a series of vertically and laterally stacked upward-fining deposits
delimited by erosional surfaces were deposited. These deposits are represented by Package 4.
This package was subdivided in packages 4.1 (predominant), 4.2 and 4.3. Package 4.1 consists
of poorly sorted conglomerate lag4 (with mm-cm mud clasts) at the base capped by

4

Conglomerate lag, as defined by Thomas et al. (1987), is a deposit characterized by an erosionallybased massive (structureless) sandy package with some well-rounded mud intraclasts located mostly at
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intercalations of muddy and mixed IHS (with mm-cm clayey to silty drapes) grading to massive
or inclined laminated sandy to silty clay at the top. Packages 4.2 and 4.3 are similar to package
4.1, but with thicker muddy layers. Package 4.2 does not contain conglomerate lag 4 deposits.
These packages are predominantly composed of intermediate angle ebbward-seaward-dipping
accretion surfaces. AL2 is mostly composed of Package 4, which also comprises the top of the
bar in its middle part, both along the ebb and flood channels. At the lower part of the bar, these
packages are poorly sorted with sandy particles ranging from fine to very coarse. Upwards, the
sedimentary packages become well sorted and muddier, with sandy particles ranging from fine
to medium.
The top of the bar, in its landward and seaward parts closer to the ebb channel is
composed of a thick well sorted upward-coarsening section, represented by Packages 5 and 6.
Package 5 is predominantly composed of sandy IHS (with mm-cm silty clay) with fine to medium
sands and intermediate angle ebbward-seaward-dipping accretion surfaces. This package
grades upward to Package 6, which is composed of massive sand. However, at the seaward
part of the bar, closer to the flood channel, these upward-coarsening deposits are not present.
At this part of the bar, a thick layer of massive silty clay (Package 7) is covering Package 4.
No fluvial input
A total of nine main distinct sedimentary packages were identified in the cores recovered
from DUP bar. They are numbered according to a chronological order of deposition, from the
oldest (1) to the youngest (9) (Table 3B; Figure 9).
The entire bar is composed of well sorted sedimentary packages. The base of the bar is
delimited by an extensive erosive surface. It is consisted of two distinct upward-fining
sedimentary packages (Packages 1 and 2). Package 1 was identified at the most seaward part
of the bar in a section longitudinal to the bar crest. It is formed by massive sand (predominant),
its lower part. These deposits are abundant at the base channel-fill deposits but they can also be found at
the base of point bars. For a more detailed description see item 3.3.1. in Chapter 3.
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with medium sands, intercalated with sandy and muddy IHS (with mm-cm silty drapes).
Package 2 was found all over the bar, extending above and beside Package 1. It is mainly
composed of thin-layered sandy IHS (with mm-cm silty drapes) with fine sands. Both packages
are formed by ebbward-seaward-dipping accretion surfaces.
Package 3 is distributed all over the bar and it is erosionally overlaying the basal
packages. This package is exclusively composed of thin-layered sandy IHS (with mm-cm silty
drapes) with fine sands, showing no vertical grain size trend and formed by ebbward-seawardoriented accretion surfaces, which exhibit less steep foresets than the foresets of the accretion
surfaces that compose the basal Package 2.
Packages 4 and 5 are partially overlaying packages 2 and 3. They are well delimited
mud-dominated IHS (with centimetric clayey drapes), with very fine to fine sands. These
deposits show either no vertical grain size trend or upward-fining.
Packages 6 and 7 erosionally truncate the underlying mud-dominated deposits. From
this point, the bar starts to exhibit a slight upward-coarsening (and also upward-sandier) grain
size trend, with sand grain sizes increasing from fine to medium. Package 6 was found at the
landward and middle parts of the bar while Package 7 was deposited throughout the upper part
of the bar. These packages are mainly consisted of conglomerate lags4 (with mm-cm mud
clasts) grading to sandy and mixed IHS (with mm-cm silty drapes) deposits, though package 6
is muddier. Package 7 is consisted of massive sands in its uppermost part. Both packages are
mostly composed of ebbward-seaward-dipping accretion surfaces. However, floodwardlandward-dipping accretion surfaces were also observed.
Packages 8 and 9 are also upward-coarsening deposits. Package 8 is composed of
massive sandy silt or sandy IHS intercalated with mixed and muddy IHS. It was found along the
entire bar, except at its most landward part. Package 9 is composed of massive sand or
conglomerate lag4 (with centimetric mud clasts). It was not found at the middle part of the bar. It
is important to note that as Boomer is a deep penetration seismic method, it loses resolution
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when closer to the bar surface, so the lateral extension of shallower deposits (Packages 7, 8
and 9) are difficult to be mapped.
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Table 3 - Sedimentary packages (A) AL2 The sedimentary packages are numbered according to their chronological order of deposition.
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Table 3 – Sedimentary packages (B) DUP. The sedimentary packages are numbered according to their chronological order of deposition.
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2.3 Discussions
Here we present the contrasts in sediment distribution and morphology when comparing a
tidal point bar developed in the bi-directional reach of the fluvial marine transition zone (FMT) in
one of the distributaries of the Altamaha River (AL2) with a tidal point bar developed in the
Duplin Tidal River, which receives negligible freshwater input (DUP) (Figure 1). We also discuss
about the sedimentological trends opposed to theoretical models of fluvial point bars observed
in both bars and compare with similar observations made by other authors in other tideinfluenced point bars. Finally, we discuss about how the distinct local hydrodynamic processes
contributed to the development of the distinct stratigraphic architectures observed in AL2 and
DUP, and the impact of allogenic (regional) events in the sedimentary record.

2.3.1 Contrasts in sediment distribution

2.3.1.1

Sand versus mud content and the development of IHS
Although developed in tidal environments with similar tidal ranges, AL2 and DUP exhibit

distinct internal sediment distributions (Souza et al., 2015). Both point bars are very
heterogeneous and contain variable sets of IHS in terms of sand/mud ratio, varying from sandy
to muddy IHS. Qualitatively, AL2 is mostly composed of centimetric coarser massive sand
(usually eroded in the base and with mud clasts) intercalated with massive clay (Figure 4A)
while DUP is mostly composed of sets of bi-directional thin-layered finer sandy IHS (with
millimetric silty drapes) occasionally exhibiting some degree of rhythmicity (Figure 4B).
Quantitatively, DUP is sandier than AL2. 80% of DUP deposits consists of sandy deposits (all
clean sands) while AL2 has 61% of its deposits consisted of total sand (clean sand is 54%). AL2
has almost twice the mud content than DUP (AL2 total mud is 39%; DUP total mud is 20%). AL2
muddy content consists mostly of clay (clay is 34% while silt is 6%), specifically silty clay (20%),
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while silt is the dominant muddy component in DUP (silt is 18% while clay is 2%), specifically
pure silt (16%) (Souza et al., 2015) (Table 2A; Figure 5A).
The predominant presence of coarser massive sandy (commonly eroded in the base and
with mud clasts) intercalated with massive clay in the AL2 bar (Figures 4A) are evidence that
there are vast (in some cases also abrupt) variations in current velocities along that channel.
The erosionally-based coarser massive sandy deposits are most likely associated with river
floods, when there is an increase in sediment transport capacity and erosion. Those same
structureless sandy deposits were observed in the tidal point bars from the Neslen Formation,
Utah (Olariu et al., 2015). Mud clasts can be associated with traction-dominated bedload
(Gingras and Bann, 2006) originated from erosion of cut bank material and reworking of
desiccated mud drapes and bar slopes (Thomas et al., 1987; Sisulak and Dashtgard, 2012).
The AL2 sandy deposits also exhibit some characteristics of high magnitude river floods, as
defined by Marren (2002): thick units of massive poorly sorted coarser-grained sandy layers;
downstream-directed (unidirectional) sedimentary structures; and widespread erosional
surfaces (Figures 4A and 8). However, Marren (2002) argued that it is not possible to confirm
that all of these characteristics are certainly associated with the occurrence of major floods as
some of them can be also a result of the complex interaction between the river and tidal flows
during spring peaks.
The frequent (and occasionally rhythmic) deposition of bi-directional finer sandy IHS
(with millimetric silty drapes) in the DUP bar (Figure 4B) in contrast with less frequent (nonrhythmically organized) and mostly unidirectional deposition IHS sets in the AL2 (Figure 4A)
might be the result of a more symmetric water level fluctuation in tidal channels, where there is
no river input and the bar is dominantly controlled by tidal cycles. A more symmetric water level
fluctuation favors the development of cyclic alternations of sandy and muddy laminations, which
commonly show alternation of neap-spring tidal cycles (Dalrymple and Choi, 2007). Another
characteristic that suggests a more symmetric water level fluctuation in DUP is the lowest mud
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content when compared to AL2 (Table 2A; Figure 5A) possibly due to the shorter periods of
slack water.
Similarly to the AL2 bar, the non-rhythmic deposition of IHS was also observed by other
authors in fluvial-influenced point bars. Johnson and Dashtgard (2014) and Bomer et al. (2019)
attribute this lack of rhythmicity to seasonal elevated river discharges. Johnson and Dashtgard
(2014) also observed that the development of tidal rhythmites is rare and it is associated with
low river discharges and increased tidal influence. Hovikoski et al. (2008) stated that IHS
couples may form either random or cyclic series in fluvial-tidal point bars. Although less frequent
than AL2, DUP also exhibits some non-organized IHS, despite the fact that this bar is
exclusively influenced by tidal cycles and it is not subjected to river discharges. The same nonrhythmic organization of the IHS deposits was observed by Ghinassi et al. (2017a) in a point bar
located in a tidal channel with no fluvial influence. We believe that this configuration might be
evidence that allogenic processes might be occasionally altering, in some degree, the local tide
dominated hydrodynamic conditions of the DUP site, such as storm-induced tidal surges
(Thomas et al., 1987), for example.
With regard to the significant concentration of muddy deposits in the AL2 bar (Table 2A;
Figure 5A), we suggest three main reasons that may explain why. First is the higher frequency
and magnitude of river floods. River floods can flush fine sediments, increasing suspended load
concentrations and sediment porosity. With high bed shear stress, fine sediment particles can
be lifted into suspension (Mingfu et al., 2015). During periods when there is a decrease in the
frequency of river floods, the suspended load settles over the bar. Second, the probable location
of AL2 in the Estuarine Turbidity Maximum (ETM) during periods of lower river discharges. ETM
is a zone that contains significantly elevated concentration of suspended sediments that when in
contact with the saline wedge, flocculate and settle to the bed (Dalrymple and Choi, 2007;
Dalrymple et al., 2012). These flocs are highly cohesive and, therefore, more resistant to
erosion. Third, the river source that might be also providing fine-grained material. Bioturbation is
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common in marine muds and less so in non-marine (Olariu et al., 2015). As AL2 do not present
a muddy content with significant bioturbation (Appendix I), we believe that, combined with the
two first explanations, there is also the possibility that the river source is providing part of the
fine-grained material.
The fact that DUP is sandier than AL2, consisted of finer and cleaner sands, and its
muddy particles are mostly consisted of silts (Table 2A,B; Figure 5A,B) can be explained by the
following assumptions: sand is the most abundant sediment type in the Duplin River as its
sediment sources are consisted of reworked sands from Pleistocene barrier-island deposits,
which are mostly composed of fine sands (Howard et al., 1975; Zarillo, 1985; Frey and Howard,
1986); the availability of clay in the Duplin River is very restricted (Howard et al., 1975); and/or
clay laminae might have accumulated over the bar but they were subsequently eroded by the
peak ebb and flood flows.

2.3.1.2

Sediment sorting

AL2 is poorly sorted, with a wider grain size range (varying from clay to very coarse sand)
than DUP (varying from clay to medium sand), which is well sorted. AL2 is mostly composed of
medium sand (34%) and clay (34%) while DUP is mostly composed of fine sand (66%) and silt
(18%) (Souza et al., 2015) (Table 2B; Figure 5B).
The wider range of grain sizes in AL2 is a result of the sediment provenance and the
variety of processes that are taking place in the Altamaha River such as river discharges, tidal
action and flocculation of finely suspended sediments (Windom et al., 1971). Point bars located
along the FMT receive sediment input from different sources: marine and terrestrial. In this type
of environment, there is a mix of sediments with two different compositions: the sediments from
the bedrock of the fluvial drainage basin, and the sediments from the shelf and shoreline
deposits (Boyd et al. 2006). The bedrock can provide both coarser and finer sediments, which
will be carried by the river as bedload and suspended particles, respectively. The increased
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river discharges are responsible for an increased capacity of sediment transport. Therefore,
coarser-grained sediments can be easily transported and deposited along the channel. During
periods of decreased river discharges, however, the AL2 bar might enter in the ETM, where
mud particles are trapped, settled and deposited (item 1.4.3). If the river is highly seasonal, the
deposits may display a wider range of grain sizes at the FMT than anywhere else in the tidal
system (Dalrymple and Choi, 2007). These characteristics were also observed by Thomas et al.
(1987) where the authors stated that the IHS developed in point bars located in tidal channels
have narrower ranges of grain sizes than IHS developed in fluvial-influenced point bars.
The sediment sources of DUP are Pleistocene relic barrier islands, which are dominated
by fine sands (Howard et al., 1975; Zarillo, 1985; Frey and Howard, 1986). Sediments from
marine sources are often more mature than terrestrial sediments as they had been reworked
from older deposits (Roy 1977). Therefore, tidal point bars located in this specific environment
tend to be well sorted and contain cleaner and finer sands than the fluvial-influenced point bars.
This statement, however, is not valid for point bars developed along tidal rivers more distal from
sand sources, which tend to be muddier despite similar tidal regime (Howard and Frey, 1975).

2.3.1.3

Degree of bioturbation
AL2 is less bioturbated than DUP. AL2 deposits are mostly non-bioturbated (52%),

with BI values ranging from 0 to 3 (bioturbation varying from absent to moderate), while DUP
deposits are mostly low bioturbated (40%), with BI values ranging from 0 to 5 (bioturbation
varying from absent to abundant) (Souza et al., 2015) (Table 2C; Figure 5C).
These results are according to expected, as the degree of bioturbation is directly related to
the flow velocity and salinity intrusion (MacEachern and Gingras, 2007; Sisulak and Dashtgard,
2012, Johnson and Dashtgard 2014). In fluvial-dominated channels, bioturbation is very rare
because of the influence of river discharges, where faster flows of freshwater and increased
sedimentation rates do not favor saltwater intrusion and infauna survival. The almost exclusive
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tidal action at DUP site favors a more frequent and pervasive saline intrusion and bioturbation at
that bar is, therefore, higher. Salinity measurements within the Altamaha Sound range from 32
psu to 15 psu during low river discharge but during large river discharge events it can drop to 25
psu or even 0 psu (Kang, 2005), becoming entirely freshwater.

2.3.2 Contrasts in morphology

2.3.2.1

Aggradation versus horizontal accretions
The point bar developed under no river influence (DUP), has nearly twice the thickness

of the fluvial-influenced bar (AL2), although much smaller in extension (Figures 2 and 4). Both
bars thin in the seaward direction but AL2 is thicker closer to the channel inner-bank while DUP
is thicker at the crest (Figures 8 and 9). This difference in the thickness between the two bars
can be explained by the fact that thickness, or bar height, is related to channel water depth
(Barwis, 1978; Leuven et al., 2016) and the preservation of sedimentary deposits formed in tidal
channels may occur horizontally but also vertically, through lateral accretion and infilling
(Hughes, 2012). In addition to the differences in bars’ thicknesses, differences in the geometry
of basal surfaces offer additional evidence that DUP reflects a combination of horizontal
accretion and vertical aggradation while AL2 is mostly associated with horizontal accretions.
While the DUP basal surface consists primarily of a single and extensive seaward-dipping
erosive surface, the AL2 basal surface consists of a series of slight concave-upwards shapes
arranged in steps lowering in the seaward direction, evidencing the dominance of seaward
accretion (migration) in AL2 (Figures 8A,B and 9A,B). Brivio et al. (2016), when studying a tidal
point bar located in an abandoned tidal meander of the northern Venice Lagoon, observed that
the vertical aggradation has a major effect on tidal point bar sedimentation. In the McMurray
Formation, both lateral and downstream accretions are evident but a component of vertical
aggradation was also observed (LaBrecque et al., 2011). Many works have reported that the
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rates of migration significantly decrease in tidal channels relative to fluvial channels (Barwis,
1978; Gabet, 1998; Fagherazzi et al., 1999; Fagherazzi et al., 2004; Kleinhans et al., 2009),
with a consequent reduced lateral accretion (Redfield, 1972; Gabet, 1998). This is due to
vegetation and cohesive sediments that typically compose salt marshes, which help to stabilize
the channel banks, promoting very slow dynamics (Kleinhans et al., 2009) and aggradational
conditions (Ghinassi et al., 2017a). Moreover, as the maximum velocities in tidal channels occur
at lower tidal stages, the ability to cut off is reduced when comparing with fluvial channels
(Barwis, 1978). Hence, thick bar deposits in tidal channels can be a result of the slow lateral
migration and scouring of the meandering channel (Van de Lageweg et al., 2015).

2.3.2.2

Ebb-dominance

Both bars exhibit morphological characteristics that evidence the prevalence of ebbdominance, proving to be independent of the existence of river input. First, at both sites, the ebb
channel is deeper than the flood channel (Figures 8C,D,E and 9C,D,E) and both bars exhibit
steep landward-oriented slopes in contrast with gentle seaward-oriented slopes (Figures 8A,B
and 9A,B). These morphological characteristics are evidence of ebb-dominance, where erosion
along the ebb channel and at the landward part of the bars is higher. Second, both bars accrete
laterally toward the ebb and flood channels (Hughes et al., 2012, 2014; Souza et al., 2015) but
the ebb-oriented accretion surfaces are the dominant ones (Figures 8C,D,E and 9C,D,E). The
flood-oriented accretion surfaces in the inner side of the bars result from the interchange
between the ebb and flood currents, which can contribute to the generation of flood-oriented
structures in areas where the flood current is stronger than the ebb current (Olariu et al., 2015).
Third, there is a significant prevalence of seaward-oriented accretions over the landwardoriented (Figures 8A,B and 9A,B), reflecting a seaward migration of both bars. It is important to
point out that only a few landward-dipping accretion surfaces where observed. They were all
observed in DUP, only in its landward part (Figure 9A,B). This configuration evidences
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occasional landward bar migration, which is typical in tidal channels with mutually evasive
current circulation (Corbeanu et al., 2004; Choi 2011a,b; Olariu et al., 2015). Fourth, the two
point bars are shifted seaward of the meander bend apex. This bar pattern is evidence of the
ebb-dominant character of the flow (Hughes, 2012) and this statement was confirmed by
numerical simulations of flow and bed topography in blind channels (Tambroni et al., 2017).
The ebb-dominance in the DUP site was also confirmed by Zarillo (1985), who observed
that its bedforms maintain the ebb-orientation through both ebb and flood tides, except during
neap tides, when small-scale flood-oriented ripples appear closer to the flood channel. The
same author also mapped large-scale ebb-oriented bedforms along the entire Duplin River’
channel bed. Howard et al. (1975) and Zarillo (1985) concluded that the rate of sand transport in
the Duplin River in the ebb direction is at least an order of magnitude greater than transport
rates in the flood direction and the flood tide in its headward reaches is longer than the
corresponding ebb tide.
Tidal point bars developed in a South Carolina marsh creek system are also
morphologically ebb-dominant (Barwis, 1978). Land and Hoyt (1966) also observed the ebbdominance in two tidal point bars located in the Blackbeard Creek in the Sapelo Island.
Although both sites are ebb-dominated, the magnitude of the ebb-dominance is higher at
the AL2 site, which is expected for a fluvial-influenced point bar. This is evidenced by the
following observations. First, AL2 is elongated in the direction of the ebb current while DUP
tends be more symmetric (Figure 2). Second, AL2 is partially-detached from the channel bank
with a shallow flood channel (Figures 2 and 8C,D,E) while DUP is fully-detached from the
channel bank with a deeper and fully developed flood channel (Figures 2 and 9C,D,E). Finally,
DUP is located in a meandering channel that has a well developed cuspate form, which is more
symmetric than the meandering channel where AL2 was developed (Figure 2). The cuspate
forms are uniquely developed along tidal channels, where channels get straighter at the
meander apex and wider on either sides of the meander, as peak erosion occurs at different
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points along the meander during the flood and the ebb tides (Ahnert, 1960; Hughes, 2012). The
relative ebb- versus flood-dominance can be remotely determined by a simple analysis of the
channel planform geometry (Fagherazzi et al., 2004). Ebb-dominated channels are asymmetric
having the maximum curvature closer to the landward inflection point while channels with equal
flood and ebb currents tend to be more symmetric (Dalrymple et al., 1992; Fagherazzi et al.,
2004, Dalrymple et al., 2012).

2.3.2.3

Bar erosion

Both bars exhibit several erosion surfaces at seismic-scale (Figures 8 and 9). However, at
subseismic-scale (core), it is possible to observe that AL2 went through more erosional
processes then DUP. It is possible to observe erosional surfaces delimiting the base of coarser
massive sandy deposits throughout the cores from AL2 (Figure 4A; Appendix I). In the cores
from DUP, however, they are occasional, existing only in their upper parts (Figure 4B; Appendix
I). The characteristics of the erosional surfaces in AL2 might be associated with river floods and
consequent increase in sediment transport capacity and erosion. River floods can modulate the
tidal currents, such that the ebb currents accelerate, increase shear stresses, contributing to
higher rates of erosion compared to tidal currents alone which are symmetric (between flood
and ebb) and are less erosive (Barwis, 1978). Tidal flows reverse on a relatively short time scale
and higher velocities are not maintained for prolonged periods, which limit the time during which
erosion velocity thresholds are exceeded (Hughes, 2012).
It is interesting to note that, although AL2 went through more erosional processes than
DUP as evidenced in cores, at the seismic-scale the major features of both bars present very
similar characteristics as follow: two main forms of erosional surfaces were observed, sigmoidal
and subhorizontal; the subhorizontal erosive surfaces are widespread and separate distinct sets
of accreted sedimentary deposits; the deposits located in the lower part of the bars are formed
by accretion surfaces with steeper foresets than the foresets of the accretion surfaces that form
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their upper part (Figures 8 and 9). These characteristics in common are evidence that the major
features that compose the internal architecture of both bars (erosive surfaces and accretion
surfaces) were equally, and probably contemporaneously, developed. This configuration
suggests that, despite the distinct local hydrodynamics, the regional system energy and its
sudden changes (e.g. changes caused by widespread allogenic processes) play an important
role in the sedimentary record.

2.3.3 Sedimentological trends opposed to theoretical models of fluvial point bars
Many authors (Barwis, 1978; Mossop and Flach, 1983; Smith, 1987; Thomas et al., 1987;
Allen, 1991; Davis, 1992; Dashtgard and Gingras, 2005; Boyd et al., 2006; Hovikoski et al.,
2008; Hubbard et al., 2011; LaBrecque et al., 2011; Musial et al., 2012; Sisulak and Dashtgard,
2012; Carling et al. 2015; Brivio et al., 2016; Bomer et al. 2019; Tang et al. 2019) have
observed that the overall grain size trends in tidal point bars are similar to grain size trends
defined in theoretical models of fluvial point bars (Allen, 1963, 1964, 1970, 1982; Miall, 1980;
1992; 2014; Jackson, 1976; Bridge, 2006; Durkin et al., 2015; among others), such as upwardand/or downstream-fining. However, the variability exhibited by estuary processes should not be
expected to produce regular, predictable sedimentary sequences (Davis, 1992). The grain size
distributions within the tidal point bars of this study reveals that the theoretical models of fluvial
point bars cannot always be assumed for all tidal point bars. Therefore, a tidal point bar may
exhibit reversed grain size trends or a lack of a well-developed grain size trend, for example.

2.3.3.1

Upward-coarsening

We observed upward-coarsening grain size trends (and also upward-sandier deposits) in
the upper part of the point bar developed under fluvial-influence (AL2), where sand grain sizes
increase from fine to medium, and the point bar developed under no fluvial input (DUP), where
sand grain sizes increase form very fine to fine (Figures 3 and 4; Appendix I). Howard et al.
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(1975) also observed the upward-coarsening trend in the upper part of DUP. The authors
described wavy and flaser beddings capped by clean sand in two cores extracted from the bar.
This grain size trend was also observed in other tidal point bars studied by other authors.
Sexton and Hayes (1996) described an upward-coarsening grain size trend in the upper part of
a core extracted from the ebb-dominated portion of a tidal point bar situated in the estuarine
turbidity maximum of the Wadmalaw River, South Carolina. Corbeanu et al.(2004) argued that
the grain-size distribution within the point bars located in the lower delta-plain distributary
channels of the Cretaceous Ferron Sandstone, Utah, USA, is more complex than the upwardand downstream-fining prediction from theoretical fluvial point bar models. Johnson and
Dashtgard (2014) observed that most of the cores extracted from a semi-detached point bar
located in the lower part of a mixed tidal-fluvial channel (lower delta plain) exhibit an upward
decrease in mud content, described by them as a upward-coarsening trend. This trend,
however, is reversed in the landward direction (upper delta plain). The authors attribute the
upward-coarsening grain size trend to the increase in wave energy and sediment winnowing in
the lower delta plain. Olariu et al. (2015), when studying the outcrops of the Neslen Formation,
Utah, observed that the tidal point bars do not have a common characteristic vertical grain size
trend. They can locally display upward-fining or -coarsening trends, or elsewhere can be
“blocky” with no grain size trend. The authors suggest that this lack of preferential grain size
trend is associated to a “circular” channel fill model. However, they point out that this model
contrasts with the typical point bar model and it is usually associated with low sinuosity channels
and areas with no preferential cut bank development (Schoengut and Gingras, 2013), which is
not the case of the channels where the AL2 and DUP bars were developed. Ghinassi et al.
(2017a) and Ghinassi et al. (2017b) observed that the upward-coarsening trends are common in
a point bar located in a tidal channel in the northern Venice Lagoon and also in a point bar of
the Cretaceous Tremp Formation, Spain, respectively. In the point bar of the Venice Lagoon,
the authors explain that during tidal floods, the maximum flow velocity occur along the inner
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bank facilitating sand sedimentation in the upper part of the bar while during the ebb stage, the
bar experiences the effects of the helical flow when coarser sands are deposited at the toe of
the bar slope. Therefore, upward-coarsening and -fining deposits are developed during flood
and ebb stages, respectively. The progressive shift of the channel causes lateral stacking of
these flood- and ebb-related deposits. Bomer et al. (2019) describe an upward-coarsening trend
in a point bar located in the tidal limit of the FMT of the Gorai River, Bangladesh, and attribute
its development to tidal asymmetry, despite the prevalence of upward-fining grain size trends in
the other bars located in the same reach.
We suggest that the upward-coarsening grain size trends described in the upper part of
both AL2 and DUP result from the influence and overprinting of regional allogenic event(s) in the
sedimentary record, as this trend is nearly consistently distributed through the bars, close not
only to the flood channel but also to the ebb channel, and as the bars were developed under
distinct local hydrodynamic conditions and along distinct estuaries. They might be reflecting an
increase in the magnitude of tidal floods combined with increased wave energy and winds
probably associated with the occurrence of more frequent and/or stronger storm events in the
last decades, but further paleoclimatological and paleohydraulic studies should be conducted to
validate this explanation.

2.3.3.2

Seaward- and floodward-coarsening

The lateral sedimentological trends of the fluvial-influenced bar (AL2) are, despite few
exceptions, in accordance with the theoretical models of fluvial point bars, mostly exhibiting
seaward- and floodward-fining grain size trends (Table 2A,B; Figures 4A, 6A,B and 7A,B). The
purely tidal bar (DUP), however, exhibits no remarkable variations in sediment distribution and
the sedimentological trends (Figure 4B), when developed, although slight, are mostly in
opposition to the theoretical models of fluvial point bars (Table 2A,B; Figures 4B, 6A,B and
7A,B).
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The lack of remarkable lateral sedimentological trends or the existence of lateral
sedimentological trends in opposition to the theoretical models of fluvial point bars were also
described by other authors when studying point bars located in tide-influenced environments.
Van den Berg et al. (2007), when studying modern and Tertiary deposits from mesotidal
estuaries of the Rhine, observed that tidal point bars developed along its fluvial marine transition
zone do not present a well-developed grain size trend. The authors attribute this lack of
sedimentological trend to the sediment source, as the sediments in estuarine channels and
shoals are mainly consisted of fine sand. This narrower range in particle sizes suppresses the
development of grain size trends. The lack of grain size trend was also observed by Barwis
(1978) in some South Carolina tidal-creek point bars that receive well sorted sediments from
beach ridges. Bomer et al. (2019) observed that the deposits in the landward part of a point bar
located in the mixed FMT do not exhibit any clear grain size trend. Land and Hoyt (1966)
observed that the top surfaces of two tidal point bars located in the Blackbeard Creek in the
Sapelo Island, Georgia, exhibit seaward-coarsening grain size trends. Brivio et al. (2016),
observed that the grain size distribution along a tidal point bar located in an abandoned
meander of the northern Venice Lagoon is nearly symmetric, but slightly coarser deposits were
found at its seaward side, just above the basal erosive surface. The authors suggest these
deposits would be related to a local prevalence of flood currents.
Based on the similarities found between the results of the sedimentological analysis
conducted in this study for the DUP bar and the previous studies, we suggest that: the lack of a
remarkable grain size distribution in DUP is possibly due to sediment sources (see item 2.3.1.2),
which are more mature when compared with sediments from river sources. Therefore, they
provide well sorted and mostly finer sands to the bar, suppressing the development of evident
grain size trends; the overall seaward decrease of silt and clay along the flood channel in the
DUP bar (Table 2A; Figures 6A and 7A), despite the slight seaward increase in fine sands and
decrease in medium sands (Table 2B; Figures 6B and 7B), might be related to stronger flood
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currents that wash the fines at this part of the bar during flood tides; the slight overall floodwardcoarsening observed at the middle part of DUP, both in terms of increase in the concentration of
sandy particles and overall increase in sand grain size is probably related to a localized flooddominance.

2.3.3.3

Degree of bioturbation

Although the AL2 bar exhibits an overall seaward-fining grain size trend, which would
suggest increased BI values in the seaward direction as the conditions for the infauna survival
are better in lower energy areas, its landward part is the most bioturbated, exhibiting the highest
concentration of moderately bioturbated deposits (Table 2C; Figures 6C and 7C). This
configuration can be explained by analysis of the mud provenance (as discussed in the item
2.3.1.1). Considering that bioturbation is higher in areas with increased salinity levels, if most of
the mud in AL2 has a non-marine provenance, it is possible that the seaward part of AL2,
although mostly composed of mud, is not intensely bioturbated. To support this explanation,
however, a detailed ichnological analysis needs to be performed.
Bioturbation trends in DUP follow the sediment distribution within the bar. That means
that, considering that the degree of bioturbation is directly related to the flow velocity and salinity
intrusion (MacEachern and Gingras, 2007; Sisulak and Dashtgard, 2012, Johnson and
Dashtgard 2014), bioturbation in DUP is higher in areas with the finest sediments. Along the
flood channel, bioturbation increases in the landward direction, as the bar shows an overall
increase of silt in the same direction. Bioturbation is the lowest at the bar crest, as this is the
part of the bar with the coarser sands. Although not remarkable, bioturbation slightly decreases
towards the flood channel, as the bar presents a slight overall floodward-coarsening (Table 2C;
Figures 6C and 7C). Opposed to AL2, most the mud in DUP is supposed to have a marine
origin, as it is a tidal point bar developed in a purely tidal environment (with no fluvial influence)
and its sediment sources are consisted of reworked marine fine sands from relic barrier islands
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(item 2.3.1.2). Therefore, it presents muds with higher degrees of bioturbation than AL2
(Appendix I).

2.3.4 Tidal point bar evolution and development of its internal architecture
Both AL2 and DUP bars are erosionally overlaying older deposits (Figures 8 and 9). Their
basal deposits are both delimited by extensive erosional surfaces and are predominantly
consisted of upward-fining sandy to mixed IHS (with mm-cm silty drapes) though AL2 basal
deposits are coarser and poorly sorted at their lowermost part while DUP basal deposits have
no coarse particles and are entirely well sorted (Table 3; Figures 8 and 9). The presence of IHS
indicates high frequency variability in hydrodynamics, typical from tidal systems (Hughes, 2012),
which suggests that AL2, although fluvial-influenced, was initially developed under significant
influence of tides. The upper part of an older point bar, located below AL2 and its basal
floodplain deposits, exhibits sedimentological characteristics similar to DUP (Figure 4A), which
suggests that this system was strongly influenced by tidal processes even before the initial
development of AL2. The similarity between the basal deposits of both bars may indicate that
they correlate in time. Taking this in consideration, it is possible to correlate the subsequent
sedimentary deposits of both bars and verify how the distinct local hydrodynamics contribute to
the development of different internal architectures.
The existence of extensive erosional surfaces delimiting the top of the basal deposits in
both bars suggests that there was a substantial increase in regional system energy. From this
moment, AL2 and DUP start to exhibit very distinct internal sedimentological architectures. AL2
starts to exhibit a series of vertically and laterally stacked sets of erosionally based
conglomerate lag4 (with mud clasts) with upward-fining mixed to muddy IHS grading to massive
or inclined laminated sandy to silty clay at the top (Table 3A; Figures 4A and 8). These
characteristics result from the occurrence of vast (in some cases abrupt) variations in current
velocities along the channel, representing the introduction of periods of strong fluvial dominance
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in a tide-influenced channel. Conversely, DUP exhibits blocky (no vertical grain size trend) bidirectional sandy IHS capped by a layer of mud-dominated IHS at the top (Table 3B; Figures 4B
and 9). The predominance of IHS in DUP is a result of a more symmetric water level fluctuation,
typical in tidal channels.
Although mostly developed under distinct local hydrodynamic processes, AL2 and DUP
have their upper parts mostly characterized by upward-coarsening as well as upward-sandier
deposits (Figure 4), indicating an overprinting of regional allogenic event(s) in the sedimentary
record, as discussed in the item 2.3.3.1.

2.4 Summary
In this Chapter, we demonstrate that two point bars, although developed in distinct tidal
environments but with similar tidal ranges, present distinct heterogeneous sediment
distributions, morphologies and internal architectures that are chiefly controlled by the presence
or absence of fluvial input.

The contrasts between the sedimentology of both bars are mainly a result of vast (in
some cases also abrupt) variations in currents velocities associated with alternations between
periods of river floods and long periods of slack water along the FMT, specially in the ETM, in
contrast with a system almost exclusively restricted to the tidal action, where water level
fluctuations are more symmetric and tidal signatures are well developed and preserved. In
addition to the more complex hydrodynamics promoted by the river input, fluvial-influenced
channels receive sediments from distinct sources, mixing marine and terrestrial sediments,
while the point bar in the tidal channel consists of sands from barrier-island deposits (Howard et
al., 1975; Zarillo, 1985; Frey and Howard, 1986).

68

In summary, the imprint of the river input in the sedimentary record is the development of
a poorly sorted point bar that exhibits a wide range of grain size mostly displayed as a series of
vertically and laterally stacked sets of erosionally based conglomerate lag4 (with mud clasts)
with upward-fining mixed to muddy IHS, grading to massive or inclined laminated sandy to silty
clay at the top. The point bar developed in the tidal channel, on the contrary, is well sorted and
mostly consisted of sets of bi-directional thin-layered finer sandy IHS with millimetric silty
drapes, occasionally exhibiting some degree of rhythmicity.

Bioturbation, as expected, is not common in the fluvial-influenced point bar due to the
frequent high energies that do not favor saltwater intrusion and infauna survival, being higher in
the bar located at the tidal channel due to the almost exclusive tidal action, which favors a more
frequent and pervasive saline intrusion. Overall, bioturbation trends can be correlated with the
observed sedimentological trends. In other words, bioturbation is higher where the finest
sediments were deposited, in low energy and high salinity conditions.

The reduced rates of migration in tidal channels relative to fluvial-influenced channels
(Gabet, 1998; Fagherazzi et al., 1999; Fagherazzi et al., 2004) result in a more pronounced
vertical aggradation in the bar developed in the tidal channel with no fluvial input, which also
exhibits occasional landward bar migration, which is typical in channels with mutually evasive
currents (Corbeanu et al., 2004; Choi 2011a,b; Olariu et al., 2015).

Morphological evidences (bar planform, steepness of bar slopes, orientation of bar
accretion surfaces, depths of the ebb and flood channels and channel asymmetry) indicate that
both systems are ebb-dominant. However, the ebb-dominance is higher at the fluvial-influenced
channel, as expected.
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The variability exhibited by estuary processes should not be expected to produce
regular, predictable sedimentary sequences (Davis, 1992). Therefore, unlike fluvial point bars, it
is not possible to define a single theoretical sedimentological model for point bars developed in
tide-influenced channels. For example, the bar located in the tidal channel with no fluvial input
exhibits a floodward-coarsening trend, although not remarkable due to the high sediment
maturity. Moreover, the upper part of both bars is marked by upward-coarsening grain size
trends. This grain size trend was also observed in other tidal point bars studied by other
authors. Here, we suggest that the upward-coarsening trend found in the upper parts of the two
bars is a result of the influence and overprinting of regional allogenic event(s) in the sedimentary
record, probably caused by an increase in the magnitude of tidal floods combined with
increased wave energy and winds, as the bars were developed under distinct local
hydrodynamic conditions and along distinct estuaries. But further paleoclimatological and
paleohydraulic studies should be conducted to support this explanation.

In addition to the common upward-coarsening grain size trend observed in the upper
part of both bars, we also observed the similarity between the major features that compose their
internal architectures (sets of accretion surfaces and extensive erosional surfaces). Therefore,
we suggest that they were equally and contemporaneously developed, reflecting a
superimposition of the regional system energy in the sedimentary record. These configurations
indicate that, despite the distinct local hydrodynamics, the regional system energy and its
sudden changes (e.g. changes caused by widespread allogenic processes) play an important
role in the sedimentary record.
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Chapter 3 Sedimentary facies distribution in point bars developed
in distinct tide-influenced meandering channels
3.1 Introduction
Studies to identify sedimentary facies developed in tidal point bars have been conducted
both ancient and modern environments, in tide-influenced fluvial channels and in tidal channels
where freshwater input is minimal. Studies in ancient environments concentrate in the Fluvial
Marine Transition zone (FMT), especially in the fluvial-estuarine point bars of the Lower
Cretaceous McMurray Formation (e.g. Mossop and Flach, 1983; Hubbard et al., 2011;
LaBrecque et al., 2011; Hubbard et al., 2011; Musial et al., 2012; Tang et al., 2019,). LaBrecque
et al. (2011), using 3D high-quality seismic data and well/core data, identified distinct
sedimentary facies in point bars of the Mc Murray Formation. LaBrecque et al. (2011), based on
the investigation of a single point bar deposit, the authors identified a total of seven distinct
facies comprising its internal architecture and suggest the ideal location for SAGD wells (Steam
Assisted Gravity Drainage) based on its facies distribution. Hubbard et al. (2011), proposed a
depositional model for point bar deposits based on the study of three morphologically distinct
point bars developed relatively close to each other, along the same tidally influenced river. The
authors observed that point bar deposits are consisted of three main sedimentary facies.
However, in such large-scale fluvial-estuarine system, point bars can be highly variable in scale,
geometry and composition. Therefore, the authors recommend caution when applying the
model to other areas, as well as other stratigraphic layers within the McMurray Formation.
Musial et al. (2012), based on outcrop and core data, conducted a study over a broad area in
the McMurray Formation with the aim to characterize tide-influenced point bars developed in
distinct depositional environments and gradients, from continental to estuarine and offshore
marine deposits. The authors proposed a total of fourteen facies related to point bar deposits,
but these facies are not common to all environments, being restricted to a specific deposition
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environment. For example, only six of these fourteen facies are exclusively related to the fluvioestuarine environment. The study of Tang et al. (2019) was focused on tidal bars, but they also
defined a couple of facies that correspond to point bars in tidally-influenced fluvial channels.
Studies in other ancient point bar deposits include outcrops of the: lower delta-plain
distributary channels of the Cretaceous Ferron Sandstone, Utah, USA (Corbeanu et al., 2004);
fluvial–tidal channels of the Campanian Neslen Formation, Utah, USA (Olariu et al., 2015); and
the Upper Miocene strata in the Acre sub-basin, western Amazonian foreland basin, Brazil
(Hovikoski et al., 2008). Unlike the interpretations of the Mc Murray point bars (Hubbard et al.,
2011; LaBrecque et al., 2011; Musial et al., 2012; Tang et al., 2019), some of the point bars
investigated in these other ancient environments differ from the theoretical models of fluvial
point bars (Allen, 1963, 1964, 1970, 1982; Miall, 1980; 1992; 2014; Jackson, 1976; Bridge,
2006; Durkin et al., 2015; among others). They exhibit complex facies and geometries that
share features of both fluvial and tidal deposits (Corbeanu et al., 2004) and lack any
characteristic pattern in their vertical and lateral sedimentological trends (Corbeanu et al., 2004;
Olariu et al., 2015).
Studies regarding the distribution of sedimentary facies within tidal point bars in modern
environments are less common, although they are equally important as studies in ancient
environments. The study in modern environments offers opportunities to directly observe the
surfaces processes that are controlling sediment transport and link with the sedimentary
records. Hampson et al. (2008) pointed out the need for a closer integration between studies of
modern and ancient siliciclastic shallow-marine environments. The authors highlighted the
significant discrepancy between the complexity observed in modern systems and the simplicity
interpreted in ancient systems. Allen (1991) provided a succinct description of the sedimentary
facies that comprise the estuarine point bars of the Gironde estuary. Musial et al. (2012)
integrated observations from one modern analog located in the meandering tidal channels of the
Garonne River, Aquitaine basin, France, to their studies conducted in the Lower Cretaceous Mc
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Murray Formation and to their proposed depositional model of tide-influenced point bar
reservoirs. Carling et al. (2015) defined a few sedimentary facies accountable for the
architecture of a tidal point bar located in the transition zone of the River Severn, UK.
Studies in tidal point bars located in tidal channels with no fluvial input are less common.
Barwis (1978) described the morphology and sediment distribution in some South Carolina point
bars. Brivio et al. (2016) and Guinassi et al. (2017a) described the overall distribution of the
sedimentary facies found in point bars along the Venice Lagoon.
Although these studies provide valuable insights into the different types of sedimentary
facies in tidal point bars and how they are organized within the deposit, they are usually focused
on the investigation of one single point bar deposit or on few point bars developed in the same
estuarine channel, do not addressing how the differences in flow regimes intrinsic to distinct
tide-influenced meandering channels and estuaries affect the distribution of the sedimentary
facies in point each bar. For instance, channel curvature, lateral accommodation, proximity of
the channel thalweg to the bar or channel bank, among others, can create local variations in
velocity that play a first order control on the bar development (Barwis, 1978). Moreover, the
location of the bar within the FMT and the resulting modulation of tidal currents by fluvial input
may play a secondary control on bar evolution through further modifying tidal velocity
asymmetries and sediment transport rates (Darlymple and Choi, 2007; Hughes, 2012).
In this Chapter we identified and characterized sedimentary facies common to modern
tidal point bars developed in distinct tide-influenced fluvial channels and tidal channels with no
fluvial input. We aim to better understand how variable flow regimes characteristic to each
distinct tidal environment affect facies distribution within point bars. We performed detailed
millimetric sedimentological descriptions and, qualitative and quantitative analysis of 31 cores
extracted from six modern tidal point bars, and discuss the differences in facies distribution
when comparing tidal point bars developed along different reaches of the fluvial marine
transition zone (FMT) (at the limit of tidal reversals and at the bi-directional reach) and along
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different tidal channels where freshwater input is negligible (at insular and at inland tidal
channels).

3.2 Results
A total of nine sedimentary facies were identified and characterized in this study (Figure
10). Figure 13 illustrates the vertical successions of these sedimentary facies extracted from the
core logs of the six studied modern tidal point bars. In Table 4 we present the detailed
characteristics of each sedimentary facies and their proportions in each bar.

3.2.1 Sedimentary Facies Characterization



Heterolithic Sedimentary Facies:
Two main types of heterolithic facies were documented and in this study: Inclined

Heterolithic Stratifications (IHS) (item 1.4.5) and Conglomerate Lag (with mud clasts) (Thomas
et al., 1987). In our study, the IHS type was subdivided in four main IHS facies, according to the
variations in sand/mud ratios: sandy IHS (with few mud drapes), sandy IHS (with moderate mud
drapes), mixed IHS and muddy IHS. These IHS facies usually do not exhibit a vertical rhythmic
alternation of sand and mud. However, occasional rhythmites could be observed in some of the
cores, especially in those located in purely tidal environments.

3.2.1.1

Sandy IHS (with few mud drapes)

This facies is characterized by IHS mostly composed of sand (sand percentages vary
between 90% and 94%) with few intercalated millimetric discontinuous silty drapes (Figure
10F1). It is mostly well sorted and composed of fine sands and few medium sands. Very few
poorly sorted packages and coarser sands (coarse to very coarse) were also observed. BI is
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mostly absent. Packages with BI equal to 1 are also present. Very few packages present BI
equal to 2. These deposits are often flaser bedded. This facies is present in all of the six studied
bars, being one of the most abundant facies, with percentages varying from 9% and 43%. It is
mostly present within the point bars located in the tidal channels, with percentages varying from
21% to 43%, while the percentages are lower within the FMT bars, varying from 9% to 13%
(Table 4; Figure 11).

3.2.1.2

Sandy IHS (with moderate mud drapes)

Likewise the previous facies, this facies is also characterized by IHS mostly composed of
sand, however its millimetric silty drapes are more continuous (Figure 10F2). Therefore, the
sand percentage is lower than the previous facies (sand percentages vary between 78% and
80%). It is also mostly well sorted and composed of fine sands and few medium sands. Very
few poorly sorted and coarser sands were also observed. BI values are mostly between 0 and
1. There are some packages with BI equal to 2. Very few packages present BI equal to 3 and 4.
These deposits are often flaser bedded. This facies is present in five of the six studied bars
(Figure 11), with percentages varying from 5 % to 18%. Similarly to the previously described
facies, this facies is mostly present within the within the point bars located in the tidal channels.
In the FMT, this facies is only present within the AL2 bar, with percentage of 9% (Table 4).
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F1
Figure 10 - Sedimentary
Facies pictures (most
representative intervals). F1 Sandy IHS (with few mud
drapes): (A) fine sand with few
mm bi-directional silty drapes.
(B) fine sand with few mm silty
drapes. F2 - Sandy IHS (with
moderate mud drapes): (A) fine
sand with moderate mm silty
drapes. (B) fine sand with
moderate mm to cm silty
drapes.

F2

3.2.1.3

Mixed IHS

This facies is characterized by IHS composed of nearly equivalent quantities of sand and
mud (sand percentages vary between 51% and 60%). Mud drapes are continuous and mostly
composed of millimetric to centimetric silt, but centimetric layers of clay are also present (Figure
10F3). It is mostly well sorted and consisted of fine sands and few medium sands. Some poorly
sorted coarser sands were also observed. BI is mostly equal to 1 but there are also packages
with BI values equal to 0 and 2. Very few packages present BI equal to 3 and 4. These deposits
are occasionally wavy-bedded. This facies is present in five of the six studied bars (Figure 11),
with percentages varying from 4 to 10%. This facies can be found in similar percentages when
comparing the AL2 and the point bars situated in the tidal channels (Table 4).
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F3

F4

Figure 10 (cont.) – Sedimentary Facies pictures (most representative intervals). F3 - Mixed IHS: (A)
intercalation of cm fine sand and mm to cm (predominant) clay. (B) intercalation of cm very fine sand and
mm to cm (predominant) clay with significant wood debris aligned within mud laminae. (C) poorly sorted
interval, mostly consisted of medium sand with mm silty drapes (inside the black square). F4 - Muddy
IHS: (A) fine sand with mm to cm silty drapes. (B) medium sand with mm to cm (predominant) clay. (C)
intercalation of muddy IHS, interrupted by a sand filled vertical burrow (inside the black square), and
mixed IHS, both consisted of fine sand and mm to cm silty drapes.

77

3.2.1.4

Muddy IHS

This is the muddiest IHS facies (sand percentages vary between 22% and 33%). Mud
drapes are abundant and composed of millimetric to centimetric silt or clay (Figure 10F4). It is
mostly well sorted and composed of fine sands and few medium sands. Few poorly sorted
coarser sands were also observed. BI is mostly equal to 1 but there are also packages with BI
values equal to 0, 2 and 3. These deposits are very often lenticular bedded. This facies is
present in five of the six studied bars (Figure 11), with percentages varying from 2 to 13%. This
facies is mostly present within the AL2 bar, which is the muddiest bar amongst them. Its
percentages within the point bars located in the tidal channels vary from 2 to 11% (Table 4).

3.2.1.5

Conglomerate Lag (with mud clasts)

Conglomerate lag, as defined by Thomas et al. (1987), is a facies characterized by an
erosionally-based massive (structureless) sandy package with some well-rounded mud
intraclasts located mostly at its lower part (Figure 10F5). The sand percentages in this facies
vary between 76% and 90%. It is mostly well sorted and composed of fine and medium sands.
In some examples, the sands in this facies are not clean, varying from clayey to silty sands.
Some poorly sorted coarser sands were also observed. BI is mostly absent, but there are some
1 value and very few 2 and 3 values. This facies usually occurs associated with the previously
described IHS facies, being part of the basal IHS sequences. It can occur throughout the
vertical point bar sequence, as observed in the AL2 bar. This facies is present in four of the six
studied bars (Figure 11), with percentages varying from 1% to 24%. The bar that exhibits the
highest percentage of this facies (24%) is the AL2 bar. Three of the four point bars located in
the tidal channels contain this facies in their architecture, however, with much lower
percentages when compared to AL2, varying from 1 to 5% (Table 4).
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F5

Figure 10 (cont.) – Sedimentary Facies pictures (most representative intervals). F5 - Conglomerate
Lag (with mud clasts): (A) poorly sorted sand (from medium to coarse) with well-rounded clasts of clay.
(B) erosionally-based interval consisted of medium sand with small well-rounded clasts of clay located
preferentially at the base. (C) erosionally-based interval (contact is not in the picture) consisted of poorly
sorted sand with clay (sand grain sizes vary from fine to coarse).



Homolithic Sedimentary Facies:
The homolithic facies are comprised of one type of sediment, which can be either sand or

mud. The homolithic facies documented in this study are the Inclined Stratifications (IS) and the
Massive deposits. Similarly to the IHS facies, the IS facies are also parallel to sub-parallel
strata, possessing original (depositional) dips (between 1 and 36°), mostly developed in
meandering channels of freshwater rivers, tide-influenced rivers and tidal creeks, as a result of
the lateral growth of point bars (Thomas et al. 1987).

3.2.1.6

Sandy IS

This facies is consisted of millimetric to centimetric stratified sand (sand percentages vary
between 96% and 99%). It is usually poorly sorted, mainly consisted of intercalations of fine and
coarse to very coarse sandy layers (Figure 10F6). Few sets are well sorted. These ones are
mostly composed of fine and medium sands, and also silty sands. BI is absent in all packages.
This facies is present in four of the six studied bars (Figure 11), with percentages varying from 6
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to 45%. Interestingly, the SA3 bar exhibits much higher percentages of this facies (45%) than
the rest of the bars, including the AL1, which is the most fluvial-influenced bar as it is located at
the limit of tidal reversals (AL1), and has a percentage of 29% of this facies (Table 4).

3.2.1.7

Muddy IS

This facies is composed of very thin laminated mud (Figure 10F7), varying in composition
from clay to sandy clay (5% of sand percentage). This facies is entirely well sorted. BI is mostly
absent but some packages with BI equal to 1 were also observed. This facies is the rarest
among the nine facies described in this study (Figure 11). It is present only in the AL2 and DUP
bars, which are the muddiest bars of the FMT and the tidal channels, respectively. The
percentage of this facies in each bar is equal to 1% (Table 4).

3.2.1.8

Massive Sand

This facies is characterized by massive (structureless) sandy packages (sand
percentages vary between 92% and 99%) exhibiting centimetric to decimetric thicknesses
(Figure 10F8). It is mostly well sorted and composed of fine and medium sands. There are also
some poorly sorted packages that are mostly composed of coarser sands with some fine and
medium sand fractions. Very few packages are consisted of silt sand. BI is mostly absent, but it
can vary from 1 to 3 in some cases, and up to 5 in very few cases. This facies is present in all of
the six studied bars (Figure 11), with average percentages varying from 12 to 50%. Similar to
the Sandy IHS (with few mud drapes), this facies is also one the most abundant. It is more
abundant at the AL1 bar (50%). Within the point bars situated in the tidal channels, the
percentages vary from 12% to 40% (Table 4).
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3.2.1.9

Massive Mud

This facies is characterized by centimetric massive (structureless) muddy packages (sand
percentages vary between 3% and 21%) (Figure 10F9). It is mostly composed of well sorted
silty clay to silt. BI is mostly absent or equal to 1, with few 2 and 3 values. This facies is present
in all of the six studied bars (Figure 11), with percentages varying from 1 to 19%. This facies is
mostly present within the AL2 bar (19%). In the other bars, it appears in lower percentages,
varying from 1 to 9% (Table 4).

F6

Figure 10 (cont.) –
Sedimentary Facies
pictures (most
representative intervals).
F6 - Sandy IS: (A)
intercalation of medium
and coarse sand. (B)
medium sand with aligned
micas (darker layers). F7
- Muddy IS: (A) silty clay
(with interlaminations of
wood debris) grading
upwards to clay. (B)
sandy silt (with significant
presence of organics)
within a very coarse
sandy IHS interval.

F7
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Figure 10 (cont.) –
Sedimentary Facies
pictures (most
representative intervals).
F8 - Massive Sand: (A)
medium sand. (B) poorly
sorted sand (medium
sand with few coarser
grains). F9 - Massive
Mud: (A) silty to sandy
clay (inside the black
square) delimited by a
sand lens (with mud
drapes) at the base. (B)
clayey silt (inside the
black square) delimited
by sandy IHS.

F8

F9
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Figure 11 - Sedimentary
facies distribution
according to each type of
sedimentary facies.
Concentrations (in
percentage) of the same type
of sedimentary facies in all of
the six the point bars.
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FMT

Table 4 - Summary of the main characteristics of the sedimentary facies and subfacies per bar.
(A) FMT. VF – very fine sand; F – fine sand; M – medium sand; C – coarse sand; VC – very coarse sand.
For visual simplification, the decimals were round off.
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Tidal channels

Table 4 (cont.) – Summary of the main characteristics of the sedimentary facies and subfacies per
bar. (B) Tidal channels . VF – very fine sand; F – fine sand; M – medium sand; C – coarse sand; VC –
very coarse sand. For visual simplification, the decimals were round off.
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3.2.2 Sedimentary Facies Distribution per bar

3.2.2.1

AL1 (Altamaha River - Limit of tidal reversal):

The AL1 exhibits four of the nine sedimentary facies defined in this study. Its most
abundant facies are the sandy homolithic Massive Sand (50%) and Sandy IS (29%). The only
IHS facies present in the bar is the Sandy IHS (with few mud drapes) (13%) (Table 4A; Figures
12 and 13A).
The Massive Sand facies within this bar is predominantly well sorted and comprised of
medium sands with absent bioturbation (44%). The Sandy IS facies can be represented by both
well sorted (17%) and poorly sorted (13%) sands, both with absent bioturbation. The well sorted
deposits are comprised of fine and medium sands while the range of grain size in the poorly
sorted deposits varies from fine to coarse sands. The Sandy IHS (with few mud drapes) facies
is mostly well sorted and consisted of fine to medium sands with absent bioturbation (9%), but
some poorly sorted deposits, also non-bioturbated (4%), were observed. There is also the
Massive Mud facies, which is consisted of sandy silt (5%), and silt or clay (3%), both being
mostly non-biorturbated (Table 4A).
The Massive Sand facies is present throughout the bar. However, it is more abundant at
the seaward part of the bar. Landward, it occurs mostly intercalated with the Sandy IS facies, up
to the top of the bar. The Sandy IHS (with few mud drapes) occurs almost entirely at the
landward part of the bar, closer to the ebb channel and mostly in its lower part. This facies is
overlain by a thick (15 centimeters) deposit of Massive Mud (sandy silt) with thin intercalations
of Massive Sand (silty sand). Other thick (maximum of 20 centimeters) Massive Mud (sandy silt
and clay) deposit was observed only at the seaward part of the bar, along the flood channel
(Figure 13A).
The vertical grain size trends do not follow a pattern. The typical upward-fining grain size
trend of fluvial point bars (Allen, 1963, 1964, 1970, 1982; Miall, 1980; 1992; 2014; Jackson,
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1976; Bridge, 2006; Durkin et al., 2015; among others) was observed in some cores at the
landward part of the bar. However, some cores exhibit a slight upward-coarsening grain size
trend, which is more representative at the sandy packages of the seaward part of the bar, where
upward-coarsening Massive Sand deposits are overlain by thick (maximum of 20 centimeters)
of Massive Mud facies (Figure 13A).

3.2.2.2

AL2 (Altamaha River - Bi-directional reach):

The AL2 bar is very heterogeneous and it is the muddiest bar described in this study. It
consists of eight of the nine sedimentary facies defined in this study. The bar exhibits similar
percentages of heterolithic and homolithic facies. The first and second most abundant facies are
the heterolithic Conglomerate Lag (with mud clasts) (24%) and the homolithic Massive Mud
(19%), respectively. However, the sum of all IHS facies totals 40%, being the muddy IHS the
most abundant with 13%. The IHS deposits are mostly bi-directional (Table 4A; Figures 12 and
13B).
The Conglomerate Lag (with mud clasts) facies within this bar consists of either well
sorted (15%) or poorly sorted (10%) sands, with grain sizes varying from fine to very coarse
sands. Coarser sands are present only within the poorly sorted deposits which show no
bioturbation, while bioturbation within the well sorted deposits is low. The Massive Mud facies
consists of either well sorted sandy or silty clay, with absent to low bioturbation (Table 4A).
The IHS facies are mostly well sorted containing fine to medium sands, with absent to low
bioturbation. Poorly sorted deposits were also observed, containing mostly medium to coarser
sands, with absent bioturbation (Table 4A).
The Conglomerate Lag (with mud clasts) facies is more abundant at the middle part of the
bar while the Massive Mud facies is more abundant at its seaward part, especially near the flood
channel where it comprises the top 65 centimeters of the core 5. In contrast, the top of the other
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cores, both landward and seaward, consist mostly of thick (maximum of 35 centimeters)
Massive Sand. The IHS facies becomes muddier seaward (Figure 13B).
Overall, the lateral grain size trends of this bar are in accordance with the theoretical
models of fluvial point bars, exhibiting seaward- and floodward-fining (Figure 13B). However,
the upward-fining grain size trend is not exclusive in all of the cores. Upward-coarsening grain
size trends occur along both the ebb (both landward and seaward) and flood channels
(landward) (Figure 13B).

3.2.2.3

DUP (Duplin Tidal River - Sapelo Island):

The DUP bar is very heterogeneous. It contains eight of the nine sedimentary facies
defined in this study and exhibits higher percentages of heterolithic facies compared to the
homolithic facies. The IHS facies comprise 81% of the bar. The most abundant facies is the
sandy IHS (with few mud drapes) (42%) followed by the sandy IHS (with moderate mud drapes)
(18%). The other mixed and muddy IHS facies comprise 10% and 11% of the bar, respectively.
The most representative homolithic facies is the Massive Sand, which accounts for 12% of the
bar. DUP do not exhibit significant percentages of the muddiest facies described in this study
(Muddy IS and Massive Mud), which account for 2% of the bar (Table 4B; Figures 12 and 13C).
All the facies described in DUP are exclusively comprised of well sorted deposits. The IHS
facies mostly consist of fine sand, with few very fine and medium sand particles, and absent to
low bioturbation. BI can increase to moderate with the increase of mud percentages. The
Massive Sand is mostly consisted of fine and medium sands, with low bioturbation, but varying
from absent to moderate. Most of the mud within DUP consists of silt, except in its Muddy IS
facies, where it is mainly comprised of sandy clay to clay (Table 4B).
The IHS facies are distributed throughout the bar while the Massive Sand facies are
located mostly at the bar top (Figure 13C).
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Grain size trends in this bar are usually not obvious, although slight variations in
sedimentological trends do exist, and they oppose to trends suggested by theoretical models of
fluvial point bars. Overall, DUP is consisted of slight floodward- and seaward-coarsening trends
(Figure 13C). Its lower part is characterized by packages showing no grain size trends or slight
upward-fining packages both capped by mud-dominated IHS facies at the top while its upper
part is characterized by upward-coarsening packages (Figure 13C).

3.2.2.4

SA1, SA2 and SA3 (Sapelo and Julienton Tidal Rivers):

The SA1 bar contains seven while the SA2 and SA3 bars contain eight of the nine
sedimentary facies defined in this study. The SA bars present similar facies distribution.
Contrary to the DUP bar, where the IHS facies are the most abundant facies, in these bars,
homolithic facies dominate: Massive Sand in SA1 (30%) and SA2 (40%), and Sandy IS in SA3
(45%). The second most abundant facies is the sandy IHS (with few mud drapes) varying from
27% (SA1) to 21% (SA2) (Table 4B; Figures 12 and 13D,E,F).
The Massive Sand and Sandy IS facies can be either well sorted or poorly sorted. The
Massive Sand facies in SA1 is mostly well sorted (22%), composed of fine to medium sand,
while the same facies in SA2 is mostly poorly sorted (24%), exhibiting coarser sands in its
composition. Bioturbation can vary considerably, from absent to highly bioturbated, in the
Massive Sand facies (Table 4B). The Sandy IS is the most poorly sorted facies described in
these tidal bars. It is the most abundant facies in SA3, accounting for 39% of the bar, with sand
grain sizes varying from fine to very coarse, with absent bioturbation (Table 4B).
The two sandy IHS facies (with few and moderate mud drapes) are mostly well sorted
(percentages of 32%, 30% and 13% in the SA2, SA1 and SA3 bars, respectively) and consist of
fine to medium sands. Some very coarse sands were observed within the poorly sorted sandy
IHS facies of the SA1 and SA3 bars. Bioturbation is highly variable, varying from absent to
highly bioturbated. The mixed IHS facies is mostly well sorted within the SA1 (4%) and SA2
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(5%) bars, while it is mostly poorly sorted within the SA3 bar (3%). The well sorted deposits are
mostly consisted of fine sands while the poorly sorted consist of fine silty sand to coarser sands.
Likewise the sandy IHS facies, bioturbation within the mixed IHS facies is also highly variable,
varying from absent to highly bioturbated. Finally, the muddy IHS facies is mostly consisted of
well sorted deposits (6% and 5% in the SA2 and SA1 bars, respectively) with sand grain sizes
varying from fine to medium, and absent to moderate bioturbation. Poorly sorted muddy IHS
facies were also observed within the three bars, but they do not present significant percentages
(maximum of 1% in each bar) (Table 4B).
Overall, these bars are composed of intercalations of the Massive Sand, Sandy IS and
Sandy IHS facies but there is not a pattern of grain size trend common to all of bars (Figure
13D,E,F). Only the SA1 bar exhibits the typical grain size trends of fluvial point bars, which are:
floodward-, seaward- and upward-fining (Figure 13D). The core located in its most seaward part
(core 5), at the flood channel, exhibits a very thick (~ 60 centimeters) deposit of Massive Mud
facies (sandy silt) (Figure 13D). In contrast, the SA2 and SA3 bars are, in part, consisted of
upward-coarsening and upward-sandier packages, which are mostly located closer to the ebb
channel and in the upper part of these bars (Figure 13E,F). Moreover, mud distribution within
the SA2 and SA3 bars do not follow a trend as well. The SA2 bar has more Massive Mud and
Muddy IHS facies along the ebb channel and not at the flood channel (Figure 13E), and in both
bars, the cores extracted along the flood channel contain more muddy facies at their landward
parts (Figure 13E,F). These sedimentological configurations are opposed the theoretical models
of fluvial point bars. It is interesting to note that, although there is an overall upward-fining grain
size trend in the core 2 of the SA3 bar, it is also sandier-up (Figure 13F).
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Figure 12 - Sedimentary
facies distribution
according to each type of
tidal environment
(per bar). Concentrations (in
percentage) of the nine types
of sedimentary facies in one
point bar.
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Figure 13 - Core logs (A) AL1 core photographs, sedimentary facies and grain size
trends columns (extracted from the core logs). Core logs elevations are based on
bathymetric data collected during field campaign.
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Figure 13 (cont.) –
Core logs. (B) AL2

core photographs,
sedimentary facies
and grain size
trends columns
(extracted from the
core logs). Core
logs elevations are
based on
bathymetric data
collected during field
campaign.
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Figure 13 (cont.) –
Core logs. (C) DUP

core photographs,
sedimentary facies
and grain size
trends columns
(extracted from the
core logs). Core
logs elevations are
based on
bathymetric data
collected during field
campaign.

94

Figure 13 (cont.) – Core logs. (D) SA1 core photographs, sedimentary facies and
grain size trends columns (extracted from the core logs). Core logs elevations are
based on bathymetric data collected during field campaign.
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Figure 13 (cont.) – Core logs. (E) SA2 core photographs, sedimentary facies and
grain size trends columns (extracted from the core logs). Core logs elevations are
based on bathymetric data collected during field campaign.
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Figure 13(cont.) – Core logs. (F) SA3 core photographs, sedimentary facies and
grain size trends columns (extracted from the core logs). Core logs elevations are
based on bathymetric data collected during field campaign.
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3.3 Discussions
Here we discuss about the mechanisms responsible for the formation of sedimentary
facies in tidal environments and the effects of the variable flow regimes intrinsic to each tidal
channel on the distribution of sedimentary facies within distinct tidal point bars.

3.3.1 Sedimentary Facies in tidal point bars
We observed that the internal sedimentological architecture of tidal point bars can be
characterized by up to nine sedimentary facies (Table 5). The same facies can be developed in
tidal point bars located in distinct tidal channels and, therefore, developed under distinct
hydrodynamic conditions. However, the distribution of these sedimentary facies within each tidal
point bar is controlled by variations in local hydrodynamic conditions (currents velocities, tidal
asymmetry and tidal amplitude) characteristic to each tidal channel they were developed.
Therefore, although tidal point bars developed under distinct hydrodynamic conditions have
sedimentary facies in common, their internal distributions are not identical.
In Table 5 we illustrate and summarize the main characteristics of each sedimentary
facies, such as: degree of heterogeneity (sand versus mud content), existence stratification
(stratified or massive deposits), sorting, grain size, BI, range of facies concentration (in
percentage) within tidal point bars, range of sand percentages within the facies, presence and
characteristics of mud drapes, and associated surface processes. Based on the analysis of
these sedimentological characteristics, we were able to associate the formation of each
sedimentary facies to a combination of three main factors: frequency of variability in local
hydrodynamics, magnitude of system energy (tidal and river current velocities) and availability of
mud in suspension and posterior deposition.
The most abundant sedimentary facies described in this study are the IHS facies
(specially the Sandy IHS) and the Massive Sand. This is expected given the sandy nature of
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point bars. These facies are associated with periods of higher energy when the availability of
suspended mud is limited, mud deposition is rare due to short slack water periods and/or mud
erosion may occur.
The IHS facies are mainly related to bi-directional flows and to high frequency variability
in hydrodynamics, typical from tidal systems (Hughes, 2012), where periods of high velocities
alternate with periods of slack water. See item 1.4.5 (Chapter 2) for a more detailed description
of the theory of IHS formation. The Sandy IHS facies is common in most tidal point bars studied
by other authors located either in the FMT (Mossop and Flach, 1983; Allen, 1991; Corbeanu et
al. 2004; Hovikoski et al., 2008; Hubbard et al., 2011; Musial et al., 2012; LaBrecque et al.,
2011; Olariu et al., 2015) or in tidal channels were freshwater input is negligible (Brivio et al.,
2016; Guinassi et al., 2017a).
Massive Sand facies are formed under periods of continuous unidirectional current flows
associated with relatively greater current energies when comparing with the Sandy IHS facies
(Flach and Mossop, 1985; Hubbard et al., 2011; LaBrecque et al., 2011; Durkin et al., 2015).
Olariu et al. (2015) associate the formation of structureless sandstones to high-energy river
floods and high sediment concentration. It is possible that part of the deposits observed in this
study as structureless (massive) sands are part of cross-stratified sands but due to the limited
scale of observation (core-scale) and due to the homogenous nature of the facies, it is difficult to
determine the individual bed thickness (LaBrecque et al., 2011). Moreover, as pointed out by
Guinassi et al. (2017a), some structureless sandy deposits might be a result of intense
bioturbation. Some authors observed massive facies (or cross-stratified sands) at the lower part
of tidal point bars in upward-fining sequences (Barwis, 1978; Mossop and Flach, 1983;
Hovikoski et al. 2008; Hubbard et al., 2011; Musial et al., 2012; LaBrecque et al., 2011) but in
some cases also throughout the point bar (LaBrecque et al., 2011), which is the case of most of
the tidal point bars in this study.
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The occurrence of the Conglomerate Lag (with mud clasts) and the Sandy IS facies is
more restricted. That means that each facies was found abundant in only one or two specific
tidal point bars, but they are not pervasive in the other tidal point bars. Likewise the Sandy IHS
and the Massive Sand, these facies are also associated with periods of higher energy but the
mechanisms responsible for their formation are relatively different.
Facies equivalent to the Conglomerate Lag (with mud clasts) facies described in this study
were observed by many authors (Barwis, 1978; Smith, 1987; Thomas et al. 1987; Corbeanu et
al., 2004; Hovikoski et al., 2008; Hubbard et al., 2011; LaBrecque et al., 2011; Musial et al.,
2012; Carling et al., 2015; Brivio et al., 2016; Guinassi et al., 2017a; Tang et al., 2019). This
facies is abundant at channel-fill deposits but they can also be found at the base of point bars or
throughout the point bar, as observed in this study (Chapter 2). Musial et al. (2012) relate a
similar facies to point bar reactivation associated with frontal to lateral accretions. This
Conglomerate Lag (with mud clasts) facies (as defined in this study) is usually associated with
periods of unidirectional flows (LaBrecque et al., 2011) and very high energy conditions with
associated high sediment concentration (Olariu et al., 2015). Mud clasts are traction-dominated
bedload (Gingras and Bann, 2006; Hubbard et al., 2011; LaBrecque et al., 2011). They originate
from erosion of cut bank material (Flach and Mossop, 1985; Terwindt, 1988; Gingras and Bann,
2006; Hubbard et al., 2011; Musial et al., 2012) or reworking of desiccated mud drapes and bar
slopes (Thomas et al., 1987; Sisulak and Dashtgard, 2012).
The Sandy IS facies is associated with variability in the system hydrodynamics but
currents always unidirectional and fast enough to transport traction-dominated bedload and to
not permit mud to settle, if mud is available. The sandy IS facies usually occurs in association
with the IHS facies forming sets of IHS-IS (Thomas et al. 1987).
The muddy facies are the not as abundant as the sandy facies. Their formation reflects
the decrease in the system energy. The amount of mud is directly connected to the magnitude
of the current velocities and the availability of mud in suspension in the system (Dalrymple,
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2010). Therefore, they are formed when periods of slack water are longer and in areas where
the availability of mud in suspension is higher.
Likewise the Sandy IHS, the Mixed IHS and Muddy IHS facies are mainly related bidirectional flows and to high frequency variability in hydrodynamics. The Muddy IHS facies was
also observed in tidal point bars by other authors (LaBrecque et al.; 2011; Musial et al., 2012;
Carling et al., 2015; Brivio et al. 2016; Ghinassi et al., 2017a; Tang et al., 2019). Except for
Ghinassi et al. (2017a), all of the upper mentioned authors observed this facies in the upper part
of the bars, defining an upward-fining trend. The dominance of silt in the upper part of the bar
might indicate that sedimentation mainly occurs at tidal flood peaks (Brivio et al., 2016).
The Massive mud, although observed in all of the studied tidal point bars, it is only
substantial in one specific tidal point bar, which is located in an area with elevated concentration
of suspended mud and where flocculation is common. This facies was observed in tidal point
bars studied by other authors (Allen, 1991; Hovikoski et al., 2008; LaBrecque et al., 2011; Olariu
et al., 2015), mostly in the upper part of upward-fining point bars (Allen, 1991; LaBrecque et al.,
2011). However, in this study this facies was also observed throughout the point bar sequence
(e.g. AL2 bar).
The Muddy IS facies is the rarest facies, appearing only in the two bars that have the
largest mud content (AL2 and DUP) and in minimal percentages. The difference between the
Muddy IS and the Massive Mud facies is that in the Muddy IS, mud is settled and deposited as
very thin laminae. LaBrecque et al. (2011) observed this facies in the upper part of a tidal point
bar, but the authors state that its variability over the studied area is limited.
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3.3.2 Influence of the variations in local hydrodynamics on facies distribution

3.3.2.1

FMT (limit of tidal reversals versus bi-directional reach)

The two point bars located in the Fluvial Marine Transition zone (FMT), one at the bidirectional reach (AL2) and the other further upstream, at the limit of tidal reversals (AL1) (Table
1; Figure 1), present very different sedimentary facies distribution (Tables 6 and 7; Figure 14).
The AL1 bar is the most homogeneous bar of this study, presenting the lowest number
of facies (a total of four) from all of the six studied bars (Table 4; Figure 12). The predominance
of the homolithic Massive Sand followed by the Sandy IS facies (Tables 4A, 6 and 7; Figure 14)
results from the fluvial dominance in the AL1 site, where periods of relatively high velocity
dominate and where the reversal or even retardation of the flow caused by the tidal influence
are not usual. On the other hand, the AL2 bar is very heterogeneous being the muddiest bar of
this study (Tables 6 and 7; Figures 12 and 14). The concentrations of homolithic and heterolithic
facies are very similar. The predominance of two antagonistic facies both in terms of sediment
type and formation (Conglomerate Lag and Massive Mud) (Tables 6 and 7; Figure 14)
evidences the constant huge (in some cases also abrupt) variations in current velocities along
the AL2 site, where periods of very high river energy alternate with long periods of slack water,
associated with tidal incursion. In Chapter 2, we describe that the Conglomerate Lag (with mud
clasts) facies is present throughout the tidal point bar sequence occurring along with the IHS
and Massive Mud facies as a series of vertically stacked packages delimited by erosional
surfaces (Figure 13B). We also suggest that the significant concentration of muddy deposits
within the AL2 bar is a combination of the influence of three factors: 1) recurrent river floods that
flush fine sediments; 2) location of the bar along the estuarine turbidity maximum (ETM) (item
1.4.3); and river source providing part of the fine-grained material.
The two bars present very distinct distribution of IHS facies. These facies are not
common in the AL1 bar, where only the Sandy IHS (with few mud drapes) was observed and in
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few concentrations (Tables 6 and 7; Figure 14). In the AL2, in contrary, the IHS facies are
common and, unlike all other bars in this study, the Muddy IHS facies predominate among the
IHS facies (Tables 6 and 7; Figures 12 and 14). This configuration is another evidence that
fluvial processes dominate and tidal influence is very subtle at the AL1 site while fluvial and tidal
processes alternate in the AL2 site.
Neither bar is strongly bioturbated, with bioturbation levels varying mostly from absent to
low (Tables 4A, 6 and 7). The Massive Mud facies are mostly non-bioturbated (Tables 4A and
6), which suggests that these muds may have a non-marine origin as bioturbation is common in
marine muds and less so in non-marine muds (Olariu et al., 2015) (Chapter 2).
The grain size trends defined in theoretical models of fluvial point bars (Allen, 1963,
1964, 1970, 1982; Miall, 1980; 1992; 2014; Jackson, 1976; Bridge, 2006; Durkin et al., 2015;
among others) are not completely found within these bars. The upper part of the AL2 cores are
mostly sandier (except the core 5) presenting an upward-coarsening grain size trend (Figures
13B and 14) (Chapter 2). The upward-coarsening grain size trend was also observed at the
cores located at the most seaward part of AL1, where sandy packages, although overlain by
thick mud layers, are slightly upward-coarsening. This trend was also observed by other authors
in studies conducted in tidal point bars located along other FMT, in both ancient and modern
environments (Sexton and Hayes, 1996; Corbeanu et al., 2004; Johnson and Dashtgard 2014
and Olariu et al., 2015). For a more detailed discussion refer to Chapter 2 (item 2.3.3.1).

3.3.2.2

Tidal channels (insular versus inland channels)

The point bars located at the Sapelo Island (DUP) exhibits very distinct sedimentary facies
distribution when compared with the point bars located at the more inland tidal channels (SA1,
SA2, SA3) (Table 6).
DUP is more heterogeneous than the SA bars. This bar is mostly composed of sets of
bi-directional thin layered fine Sandy IHS with millimetric silty drapes, occasionally exhibiting
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some degree of rhythmicity (Tables 6 and 7; Figures 13C and 14), while the SA bars are mostly
consisted of the homolithic Massive Sand (SA1 and SA2) and Sandy IS facies (SA1) (Tables 4B
and 6). It is important to note that the predominance of the Massive Sand facies was also
observed in the bar located at the limit of tidal reversals (AL1) but, unlike this bar, the IHS facies
are well developed in the SA bars (Figure 12). The predominance of the sandy homolithic facies
in the SA bars might be reflecting a probable sediment input also from terrigenous sources, as
part of their deposits are immature (poorly sorted). These configurations also suggest higher
frequency variability in hydrodynamics in the DUP site, with a more symmetric water level
fluctuation, than in the SA sites, where water level fluctuations might be more asymmetric and
higher energy unidirectional currents might predominate.
Although exhibiting different percentages, the concentrations of the IHS facies within the
four bars located at the tidal channels exhibit a similar distribution trend, with the sandier IHS
and muddier IHS facies being the most and less abundant, respectively (Table 6; Figure 12). In
addition to that, the four bars present low mud content, which can be explained by the
combination of a series of factors: the periods of higher velocities are greater than the periods of
slack water, when mud is deposited from suspension; mud is deposited but the velocity
threshold to erode compacted mud is achieved during periods of higher velocities; due to the
higher frequency variability in hydrodynamics, mud settles but do not compact, as the periods of
low velocities are too short, so the fines are easily flushed during periods of higher velocities;
and the availability of mud is very restricted in these environments, as stated by Howard et
al.(1975) in the Duplin River.
Unlike any other bar investigated in this study, the DUP bar is entirely well sorted
(Tables 4A, 6 and 7). This is due to the fact that the sediment sources of the DUP bar are
Pleistocene relic barrier islands (Howard et al., 1975; Zarillo, 1985; Frey and Howard, 1986),
which are more mature than terrestrial sediments (Roy 1977) (Chapter 2).
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Bioturbation in higher (mostly low to moderated) in all of the four bars developed
along the tidal channels when compared to the bars from the FMT (Tables 4A and 6A). These
results are according to expected, as the degree of bioturbation is directly related to the flow
velocity and salinity intrusion (MacEachern and Gingras, 2007; Sisulak and Dashtgard, 2012,
Johnson and Dashtgard 2014). Therefore, fluvial-dominated channels will be less bioturbated
than the tide-dominated channels (Chapter 2 – item 2.3.1.3). In addition to that, we observed
that muds in the bars located in the tidal channels with no fluvial input present higher
bioturbation levels than muds in the FMT bars. Hence, unlike the muds in the FMT bars, muds
in the bars located in the tidal channels may have mostly a marine origin.
The point bars located in the tidal channels with no fluvial input do not present a
common grain size pattern. Moreover, likewise the FMT bars, grain size trends opposed to the
theoretical models of fluvial point bars were observed in these bars. DUP do not present
remarkable grain size trends as it is composed of sediments from Pleistocene relic barrier
islands, which are mature, not favoring the development of grain size trends, but it tends to be
slightly coarser at its most floodward part than its most ebbward part (Figure 13C). Also, its
upper part is mainly consisted of the Massive Sand facies, characterizing an upward-coarsening
grain size trend (Figure 13C) (Chapter 2). This upward-coarsening grain size trend and also
upward-sandier deposits were also observed in the upper parts of the SA2 and SA3 bars
(Figure 13E,F). The results found in this Chapter, where we observed that, likewise AL2 and
DUP, other tidal point bars also present the upward-coarsening trends at their upper parts (AL1,
SA2 and SA3), corroborate with the explanation discussed in Chapter 2. There, we suggest that
the upward-coarsening grain size trends observed in tidal point bars developed under distinct
local hydrodynamic conditions and along distinct estuaries are a result of the influence and
overprinting of regional allogenic event(s) probably associated with the occurrence of more
frequent and/or stronger storm events in the last decades. But it is important to highlight that
further paleoclimatological and paleohydraulic studies are needed to validate this explanation.
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Table 5 - Summary of the main characteristics of the nine sedimentary facies identified in this study and surface processes probably
associated with their development. VF – very fine sand; F – fine sand; M – medium sand; C – coarse sand; VC – very coarse sand.

Table 6 - Main sedimentological characteristics of tidal point bars and associated processes (organized per tidal environment).
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No tidal influence
CHARACTERISTICS

FLUVIAL

Source of information
Conceptual literature
r/w (radius of curvature / xhannel ----CHANNEL
width)
MORPHOLOGY
Development of cuspate forms no
fully-attached
attachment to channel bank and
development of flood channel
bi-directional lateral accretion
surfaces*

no
seaward migration

BAR
MORPHOLOGY

Increase in tidal influence
FMT (limit of tidal reversals)

-----

Cores and seismic (DUP)
0.85 (Hughes et al. , 2014) / tight meander (Barwis,
1978) - do not conform to Barwis' model
yes (well-developed)

partially-attached / flood channel (and chute channels)

partially-attached / very shallow flood channel

fully-detached / fully-developed deep flood channel

lateral grain size trends
core-scale erosive surfaces
sand vs. Mud content

yes. Predominantly ebb-oriented (very few floodoriented, only in the inner side of the bar) (Appendix II)
seaward migration (conceptual)

-----

upward-fining and upward-coarsening (upwardcoarsening deposits occur mostly in the upper part of
the bar. They are capped by thick muddy deposits in
the most seaward part of the bar)
seaward-fining / floodward-fining overall seaward-fining / floodward-coarsening
----

rare

sandiest

total sand (91%)

poorly sorted

well and poorly sorted deposits. Sediments vary from
clay (3%) to coarse sands (13%). Medium sand are
predominant (61%)
Massive sand (50%)** and Sandy IS (29%).

sorting
BAR
SEDIMENTOLOGY predominant facies
AND FACIES
DISTRIBUTION
IHS

connectivity

biorturbation

---rare

very good. Thick medium- to
medium-grained cross-bedded
sands at the base grading to
ripple-bedded sands at the top
(almost no clay laminations).
Capped by floodplain deposits
(muds)
absent to low

PROC.
1
2
3

upward-fining
vertical grain size trends

TIDAL

Cores and seismic (AL2)
2.03 (Hughes et al. , 2014) / tight meander (Barwis,
1978) - do not conform to Barwis' model
yes

migration*

widespread erosional surfaces*

FMT (bi-directional reach)

Cores (AL1)
1.46 (Hughes et al. , 2014) / tight meander (Barwis,
1978) - do not conform to Barwis' model
no

yes. Predominantly ebb-oriented (few flood-oriented,
only in the inner side of the bar)
seaward migration (only seaward-oriented accretion
surfaces + basal surface arranged in steps lowering
seaward)

yes. Predominantly ebb-oriented (some flood-oriented,
only in the inner side of the bar)
seaward migration combined with vertical aggradation
and occasional landward migration (predominance of
seaward-oriented accretion surfaces + few landwardoriented accretion surfaces (at the landward part of the
bar) + single basal surface lowering seaward +
increased bar thickness)
extensive subhorizontal vertically separating distinct
extensive subhorizontal vertically separating distinct
sets of accretion surfaces
sets of accretion surfaces
upward-fining (lower bar) and upward-coarsening (upper no grain size trend (lower bar) to upward-coarsening
bar, at the most landward and seaward parts, along the (troughout the upper bar, along the flood and enn
ebb channel)
channels)
overall seaward- and floodward-fining
lots of erosive surfaces delimiting the base of
conglomerate lags (with mud clasts)
total sand (61%). Increased mud content

slight (not remarkable) overall seaward- and floowardcoarsening
few erosive surfaces (uppar part of the bar)
total sand (80%)

poorly and well sorted deposits. Sediments vary from
clay (34%) to very coarse sands (6%). Medium sands
and clay are predominant (34%)
Conglomerate lag (with mud clasts) (24%) and Massive
mud (19%).
few. Muddy IHS (13%) decreasing to Sandy IHS (with
few mud drapes) (9%). No rhythmicity.

well sorted deposits. Sediments vary from clay (2%) to
medium sands (6%). Fine sands are predominant
(66%)
Sandy IHS (with few mud drapes) (42%). The bar is
moslty composed of bi-directional sandy IHS
very few IHS. Only Sandy IHS (with few mud drapes)
IHS facies are predominant. Sandy IHS (with few mud
(13%). No rhythmicity.
drapes) (42%) decreasing to Muddy IHS (5%).
Occasional rhythmicity
good. The bar is mostly composed of intercalations of poor. Mud concentration is 39%. The bar is mostly
moderate. The lower part of the bar has moderate
Massive sand and Sandy IS. The few IHS deposits are composed of a series of vertically and laterally stacked connectivity as it is mostly consisted of Sandy IHS
restricted to the landward part of the bar, along the ebb sets of: erosionally based conglomerate lag (with mud (with thin and discontinuous mud drapes). Mixed to
channel. Thick mud deposits are at the top bar, closer clasts) with upward-fining mixed to muddy IHS grading muddy IHS are present in a thick interval in the
to the flood channel, from the middle toward the
to massive or inclined laminated sandy to silty clay at intermediAte section of the bar, reducing vertical
seaward part of the bar
the top. These packages are muddier upward, forming connectivity in this part of the bar
an upward-fining sequence, which reduces connectivity
upward
absent to low
absent to low (mud deposits are mostly non bioturbated low to moderate

* seismic features
** It is possible that part of the deposits observed in this study as structureless (massive) sands are part of cross-stratified sands but due to the limited scale of observation (core-scale) and due to the homogenous nature of the facies, it is difficult to determine the
individual bed thickness (LaBrecque et al., 2011).

Table 7 – Main sedimentological and morphological characteristics of the AL1, AL2 and DUP tidal point bars (increase in tidal influence) and a

A conceptual fluvial point bar (A) organized per tidal environment (B) and associated processes.
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4

5

6

7

8
9
10
11
12
13

14

15

B
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

PROCESSES
According to Barwis, the shape of point bars depend primarily on the ratio r/w and tidal asymmetry. Point bars developed in tight meanders (r/w < 2.5) should be fully-attached to the
channel bank and time-velocity asymmetry should generate little to no flow segregation. AL1, AL2 and DUP do not conform to Barwis' model
Cuspate forms are the result of peak erosion at different points along the meander during the flood and the ebb tides (Ahnert, 1960; Hughes, 2012)
During flood flows, the seaward inner portion of the point bar experiences the full force of the flood tide. As a result, a flood barb may be developed. The flood barbs tend to become
shorter in landward direction, because of the decreasing wavelength of the meanders. They are absent beyond the landward end of the tide-dominated portion of the estuary, where the
bars are fully attached to the bank. However, in more seaward reaches, they can become large enough and assume the role of the main channel for a period, leading to the creation of
channel-center bars (Barwis, 1978; Dalrymple & Choi, 2007; Van Proosdij & Baker, 2007; Burningham, 2008; Dalrymple et al., 2012)
Flood-oriented accretion surfaces (in the inner side of the bar) result from local flood-dominance during peak flood flows
Ebb-dominance. Occasional landward migration results from occasional flood-dominance during peak flood flows. Aggradation results from the reduced rates of migration in tidal channels
relative to fluvial channels (Barwis, 1978; Gabet, 1998; Fagherazzi et al., 1999; Fagherazzi et al., 2004; Kleinhans et al., 2009)
Increase in the regional system energy (overprinting og regional allogenic events in the sedimentatry record)
The upward-coarsening grain size trends might be the result of regional increase in the magnitude of tidal floods (storm-induced tidal surges?) as this trend is nearly consistently distributed
through the upper parts of the bars
The development of seaward- and flooward-coarsening might be related localized flood-dominance during peak flood flows (the lack of remarkable grain size trends is attributed the more
matures sediment sources which supress the development of grain size trends)
The AL2 erosive surfaces are associated with high magnitude river floods occurring after long periods of slackwater as the erosive surfaces occur throughout the bar and in a predictable
pattern (usually they form the base of IHS deposits that are then capped by massive muds) and DUP doesn’t have this configuration
The increased mud content in AL2 might be due to: probable location of the bar in the ETM during low river discharges where fines (also provided by the river) are trapped and settled as
flocs during periods of slackwater; fines are flushed during high magnitude river floods increasing the concentration of suspended load. Muds in DUP are mostly silty drapes part of IHS sets.
Therefore, they are associated with periodic current reversals and more frequent e shorter periods of slackwater.
Sediment source (terrestrial imature vs. marine mature sediments)
Fluvial - no bi-directional flows / AL1 - predominance of unidirectional currents associated with higher energy environment (limited availability of mud) / AL2 - vast (in some cases abrupt)
variations in current velocities along the channel (high magnitude river floods alternating with long periods of slackwater associated with tidal incursion) (availability of mud) / DUP - higher
frequency variability in hydrodynamics with a more symmetric water level fluctuation
In fluvial-dominated channels, bioturbation is very rare because of the influence of river discharges, where faster flows of freshwater and increased sedimentation rates do not favor
saltwater intrusion and infauna survival. The almost exclusive tidal action at DUP site favors a more frequent and pervasive saline intrusion and bioturbation at that bar is, therefore, higher.

Table 7 – Main sedimentological and morphological characteristics of the AL1, AL2 and DUP tidal point bars (increase in tidal
influence) and a conceptual fluvial point bar (A) organized per tidal environment (B) and associated processes.
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No tidal influence

Increase in tidal influence

Figure 14 – Conceptual stratigraphic columns representing the sedimentology and facies
distribution in the AL1, AL2 and DUP tidal point bars (increase in tidal influence) and a conceptual
fluvial point bar.
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3.4 Summary

In total, nine sedimentary facies were determined, each one formed by a combination of a
variety of hydrodynamic processes mainly related to the variability in local hydrodynamics,
magnitude of system energy and availability of mud in suspension.

We prove that point bars developed distinct tidal environments, although sharing common
sedimentary facies, may present very different facies distribution. The organization of these
facies differs for each bar in a way that it is analogous to surface processes operating at each
tidal environment. For instance, facies distribution is different when comparing bars located
further upstream in fluvial-dominated reaches of the river with bars located in more downstream
reaches of the river where tidal influence is increased. In the same way, bars located in tidal
channels where freshwater input is negligible are different than bars developed under fluvial
influence as the variability in the system hydrodynamics is expected to be more frequent and
the water level more symmetric in channels that have no fluvial input. Furthermore, even bars
developed in tidal channels under no fluvial influence may present different facies distributions,
depending if they are located in backbarrier regions or in more inland positions in the estuary.

We found that five of the six studied tidal point bars, although developed under distinct
local hydrodynamic conditions and along distinct estuaries, present the upward-coarsening
trend at their upper parts. This organization might be a result of the influence of regional
allogenic event(s), probably associated with stronger storm events that might be contributing to
a regional increase in the magnitude of currents, although further paleoclimatological and
paleohydraulic studies are needed to validate this hypothesis further, as discussed in Chapter 2.
This hypothesis highlights the importance of studying several, rather than one point bar deposit,
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so not only the differences in their sedimentological architectures can be compared but, most
importantly, similarities between them can be recognized, despite the differences in local
hydrodynamic conditions, which permit us to isolate the sedimentological responses to regional
allogenic events, which can be mistakenly interpreted as sedimentological responses to local
autogenic events.
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Chapter 4 Hydrodynamic controls on the sediment transport,
deposition and erosion in a point bar developed in a blind tidal
channel
4.1 Introduction
The use of process-based interpretations and models to evaluate sediment dynamics in
estuaries are fundamental to complement the sedimentological studies of the complex deposits
developed in tidal environments. Visher and Howard (1974), when studying the Altamaha
Estuary, stated that the development of an estuarine sedimentation model requires the
correlation of the measured aspects of the sedimentary deposits with the hydraulic
characteristics of the estuary. Leuven et al. (2016), more recently, concluded that there is
clearly a need for further study in application of process-driven reservoir characterization.
Several studies about tidal dynamics and sedimentary processes in tidal channels have been
conducted in the past decades (e.g. Barwis, 1978; Zarillo, 1985; Dronkers, 1986; Thomas et al.,
1987; Wang et al., 1999; Allen, 2001; Marani et al., 2002; Fagherazzi et al., 2004; Dalrymple
and Choi, 2007; Li et al., 2008; Kleinhans et al., 2009; Hughes, 2012; Hughes et al., 2012,
2014; Sisulak and Dashtgard, 2012; Choi et al., 2013; Choi and Jo, 2015; Van de Lageweg,
2015; Howes et al., 2016; Leuven et al., 2016; Ghinassi et al., 2017; Tambroni et al., 2017; Guo
et al., 2018; Bomer et al., 2019, among others).
These studies provide valuable insights into the morphological and sedimentological
responses to variations in flow velocity, tidal amplitude, river stages and, most importantly, tidal
asymmetry in estuarine channels. However, to better evaluate the hydrodynamic controls on
sediment transport, erosion and deposition in tidal channels and their link with the
sedimentological characteristics of tidal point bars, it is also important to understand the
hydraulic behavior of the sediments that exist in this type of environment, which mainly consists
of sand and mud (silt and clay).
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Sand and mud are usually handled separetely in sediment transport studies, as they have
completely different physical properties and behavior. For instance, sands are transported as
bedload while fine (mud) sediments are transported as suspended load. However, these
sediments are frequently mixed in estuarine and coastal deposits (Torfs, 1995; Van Ledden et
al., 2004b). In Chapter 3, where we present the sedimentary facies identified in tidal point bars,
even facies classified as homolithic have a small percentage of sand or mud as part of their
composition (Table 5). This mixed sediment characteristic adds more complexity to the
evaluations of sediment transport trends in tidal environments.
Sanford (2008) stated that an ubiquitous challenge in predicting suspended sediment
concentrations and transport is specifying the rate at which a given sediment bed erodes.
Currently, there are several studies on the critical shear stress of non-cohesive beds (e.g.
Shields, 1936) but studies on the critical shear stress of cohesive sediments are still emerging
(e.g. Sanford and Maa, 2001; Maa et al., 2008; Ha and Maa, 2009; Zheng and An, 2017, among
others). Erosion of sand–mud mixtures differs from erosion of either component alone (Van
Ledden, 2002) and it depends on the amount of mud in the bed (Torfs, 1995; Van Ledden et al.,
2006). Therefore, the behavior of those mixtures cannot be described only by using the
formulations from pure sand or pure mud (Van Ledden et al., 2004a). The factors affecting
erodibility of muds and sand–mud mixtures are numerous and complex and they depend not
only on their composition, but also on their vertical structure, disturbance and the biota that
inhabit them (Sanford, 2008).
The different sand/mud ratios in sand-mud mixtures directly impact the cohesiveness of
the deposit. Deposits with elevated fines content tend to be more cohesive and, therefore, more
resistant to erosion than pure sand. For example, even a small percent of mud (10%) in the
deposit increases its resistance to erosion (Collins, 1989; Van Rijn, 2007) with critical shear
stress being two to five times higher than critical shear stress for pure sand (Torfs, 1995). The
resistance to erosion is even stronger when the mud content is higher than 30 %
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(Panagiotopoulos et al., 1997). However, it is important to note that only clay particles have
cohesive properties and the amount of clay within the mud fraction chiefly determines its
cohesiveness (Van Ledden et al., 2004a; 2006). The transition between non-cohesive and
cohesive behavior is generally found at a clay content of only 5–10% (Van Ledden et al., 2004b,
2006; Van Rijn, 2007). Diverse experiments have indicated significant differences in the
erodibility for the different types of cohesive sediments (Torfs, 1995). Once eroded, the fine
material goes into suspension unless they were originated from very dense cohesive beds,
which may be transported as bed-load (Torfs, 1995). For example, in Chapters 2 and 3 we
describe mud clasts within the Conglomerate Lag deposits, which are traction-dominated
bedload (Gingras and Bann, 2006; Hubbard et al., 2011; LaBrecque et al., 2011). A cohesive
bed is formed by the combined action of settling and consolidation (Torfs, 1995).
The settling velocity of a particle is an important aspect of sediment transport and
deposition of both mixed and non-mixed suspended sediments (Spearman and Manning, 2017).
It depends on many factors, such as: size, shape and density of the particle; density and
temperature of the water; and suspended sediment concentration (McCorquodale’s class
notes). The settling velocity of cohesive sediments is mainly dependent on suspended
sediment concentration and turbulence whereas the settling velocity of cohesionless particles is
mainly a function of their size and shape (Torfs, 1995). The Stoke’s Law is one of the equations
used to predict settling velocity of small particles in a fluid. It is mainly based on the radius and
density of the particle, and the fluid viscosity. But its application is limited only to spherical
particles and with low Reynolds numbers.
In zones with elevated suspended sediment concentrations, flocculation occurs.
Flocculation is also enhanced by salinity. The settling velocity of flocs does not follow Stoke’s
Law. It is a function of floc dimension and excess density relative to water (Torfs, 1995;
Spearman and Manning, 2017). In the estuarine reaches of the lower Mississippi River, Galler
and Allison (2008) reported that during lows flows, the advancement of the saltwater wedge
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from the Gulf of Mexico creates a sharp fresh-salt water interface, promoting floc formation, with
clay size particles reaching sand size, and causing rapid mud deposition as much as two meters
during periods of weeks to months.
Consolidation is another important aspect that should be taken into account when
calculating bed erosion as the resistance to erosion increases with consolidation (Torfs, 1995).
For example, the erodibility of fine sediments often decreases significantly with depth due to
consolidation (Sanford and Maa, 2001; Kleinhans et al., 2009). But the rate of consolidation
(and compression) is not only a function of depth, but it depends on several other parameters:
time, cohesiveness, sediment structure, composition, sand and silt content, overlain deposits,
water chemistry, suspended sediment concentration, hydrodynamic shear under which the flocs
were deposited and system hydrodynamics (Vanoni, 2006; Garcia, 2008).
In this chapter we complement the preliminary hydrodynamic analysis conducted by
Hughes et al. (2012, 2014) based on the hydraulic measurements performed at the DUP site
and correlate with the sedimentological characteristics of the DUP tidal point bar described in
Chapters 2 and 3. We aim to better understand the effects of tidal asymmetry and variations in
flow velocity and tidal amplitude in sediment transport, deposition and erosion in tidal point bars.
However, it is important to note that given all of the aspects, variables and parameters that
should be taken into consideration when calculating sediment transport, erosion and deposition,
and given the fact the most of them are not available in this study, we used a simplistic
approach to qualitatively evaluate these sedimentary processes, as we do not intent to
accurately quantify how much sediment was eroded or deposited over the bar. Instead, we aim
to obtain a general knowledge of the magnitude, frequency, duration and spatial distribution of
these processes and the periods over which they take place (e.g. if erosion is more intense
during peak ebb or peak flood, if deposition by suspension is more frequent along the ebb or the
flood channel, if periods of slack water are longer during high tide or low tide, etc.).
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4.2 Results

4.2.1 Current velocities and water surface elevations
The ebb channel is ebb-dominated in terms of both flow and water surface elevation
(Hughes et al., 2012, 2014). It exhibits typical standing wave tidal conditions (Hughes et al.,
2014) with periods of slack water occurring during high and low tides and with peak ebb and
flood currents occurring between the high and low tides, more precisely, with peak flood
currents occurring during mid-tide or a few hours before high tide and peak ebb currents
occurring a few hours after high tide. Maximum ebb currents in the ebb channel alternate
between ca 0.70 m/s and 0.50 m/s in each semi-diurnal tidal cycle while maximum flood
currents are constantly ca 0.35 m/s. The peak ebb currents occur during slightly shorter periods
when compared with peak flood currents, which are maintained for a few more hours. The
periods of slack water are longer during low tide than during high tide (Figure 15).
The flood channel, despite having a flood-dominance in flow velocity, exhibits ebbdominance in surface elevation (Hughes et al., 2012, 2014). Periods of slack water occur
immediately after high tide, are interrupted by short peak ebb currents, and then prolong until
low tide. Peak flood currents occur a few hours before high tide and peak ebb currents occur
immediately after high tide. Maximum ebb currents in the flood channel are ca 0.25 m/s while
maximum flood currents are ca 0.75 m/s. The peak ebb currents occur during slightly shorter
periods when compared with peak flood currents and are followed by prolonged periods of slack
water (Figure 15).
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Figure 15 - Tidal elevation and velocity signals measured in the ebb and flood channels of the DUP
site. Approximate periods of slack water are highlighted in gray (Hughes et al., 2012, 2014).

4.2.2 Flow velocity profiles (ACDP)

Landward of the meander apex
During peak ebb tide, faster currents concentrate in the shallower inner side of the
channel while during early flood tide, faster currents begin to intensify in the deeper outer side of
the channel (Hughes et al., 2012, 2014) but faster velocities are still occurring in the inner side
of the channel (Figure 16).
During peak ebb tide, faster velocities vary between ca 0.6 and 1.2 m/s5, but maximum
velocities of 1.2 m/s are rare. They concentrate in the shallower parts of the water column,

5

For a better visualization of flow behavior and comparison between the different sites, the scale of
flow velocities is the same in the different panels (landward and seaward of the meander apex, and
across de bar) (Figure 16). For peak ebb tide, the flow velocity scale is from 0 m/s to 1.2 m/s. For early
flood tide, the flow velocity scale is from 0 m/s to 0.6 m/s. That means that the maximum velocities values
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above 2.75 meters. Velocities in the outer part channel vary between nearly 0 m/s to ca 0.5 m/s.
The transition zone between the faster and slower currents is a well defined vertical zone
situated at the outer side of the channel, extending trough the water column from its deepest
part up to the water surface (Figure 16).
During early flood tide, flow distribution is more heterogeneous with maximum velocities in
the inner side of the channel reaching up to 0.6 m/s while maximum velocities in the outer side
of the channel are mostly between ca 0.15 m/s and 0.50 m/s. The vertical transition zone
between the faster and slower currents located at the outer side of the channel, observed during
peak ebb tide, disappeared. On the other hand, we observe that in the inner side of the channel,
two zones with very distinct flow behaviors are developed. The zone closest to the channel
bank, which during peak ebb registered velocities of ca 0.7 m/s to 1 m/s, starts to concentrate
the lowest velocities during early flood, including zero velocities, and the maximum velocities
form a well defined cluster right next to this zone (Figure 16).

Seaward of the meander apex
During peak ebb tide, faster currents concentrate in the deeper outer side of the channel
(Hughes et al., 2012, 2014). Faster currents during early flood tide are also concentrated in this
part of the channel, but they begin to intensify in the inner part of the channel. The magnitude
and distribution of flows differ significantly when comparing the ebb and flood tides (Figure 16).
During peak ebb tide, faster velocities vary between ca 0.6 m/s to 1.2 m/s in the outer
side of the channel. These velocities, including the maximum velocities of 1.2 m/s, are
widespread throughout the water column in this part of the channel. A well developed vertical
transition zone between the faster and slower currents situates in the limit between the outer
and inner sides of the channel, extending trough the water column from its deepest part up to
displayed in Figure 16 are equal in all the sites in each ebb/flood tide, independently of the location of the
panel.
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the water surface. As opposed to the outer side of the channel, the velocities in its inner side are
very slow, predominantly 0 m/s (Figure 16).
During early flood tide, faster velocities vary between ca 0.3 m/s to 0.6 m/s. Flow
distribution is more heterogeneous, with faster velocities occurring not only in the outer side of
the channel but also in its inner side. The main difference is that the slower velocities
concentrate in the latter, but they are sparse. Unlike peak ebb tide, there is not a transition zone
separating the faster and slower currents and faster currents are more widespread (Figure 16).

Across the bar
During peak ebb tide, faster currents concentrate in the deeper outer ebb channel while
during early flood, faster currents occur in the flood channel (Hughes et al., 2012, 2014), but
also closer to the bar in the ebb channel (Figure 16).
During peak ebb tide, faster velocities vary between ca 0.6 m/s and 1.0 m/s but
predominantly between ca 0.7 m/s and 0.8 m/s, showing uniform distribution. Velocities of 1.2
m/s are very rare and concentrate close to the bar top surface, at the ebb channel. Faster
velocities also predominate over the bar. In the limit of the flood channel, a very well developed
and very narrow vertical transition zone separating the faster and slower currents is developed.
Velocities on the flood channel are very slow, predominantly 0 m/s (Figure 16).
During early flood, faster velocities very between ca 0.3 m/s and 0.6 m/s. They occur
throughout the water column in the flood channel but also in the ebb channel, closer to the bar.
It is interesting to note a small zone of very slow velocities developed closer to the upper part of
the bar in the ebb channel, probably related to an eddy. Another zone with slow velocities is
developed in the ebb channel, closer to the channel bank (Figure 16).
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Figure 16 - ACDP data looking in the landward direction. Cross-channel panels are located seaward,
landward and over the bar during (A) peak ebb and (B) early flood tides (Hughes et al., 2012, 2014).
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4.3 Discussions
Here we discuss some of the main hydrodynamic controls in sediment distribution in the
Duplin Tidal River, at the DUP site, and correlate with the results of the sedimentological
descriptions of the DUP tidal point bar, discussed in Chapters 2 and 3.

4.3.1 The effects of tidal asymmetries in the sedimentary record

4.3.1.1

Asymmetry of flow velocities (horizontal asymmetry)

The asymmetry of flow velocity, or horizontal asymmetry (Wang et al., 1999), is
characterized by an ebb-dominated ebb channel and a flood-dominated flood channel at the
DUP site. The peaks in sediment transport are associated with velocity maximum, as fast flows
erode the channel and tidal flats (Hughes, 2012). There are strong differences in peak velocities
between the ebb and flood currents along both ebb and flood channels at this location. Along
the ebb channel, the maximum ebb velocities (ca 0.70 m/s) are two times stronger than
maximum flood velocities (ca 0.35 m/s). They occur in every 24 hours alternating with peak ebb
of ca 0.50 m/s in each semi-diurnal tidal cycle (Figure 15). Thus, every 24 hours, the rate of
sand transport in the ebb direction is an order of magnitude greater than in the flood direction
along the ebb channel. Zarillo (1985) observed the same relation in terms of magnitude of sand
transport when studying the tidal dynamics and substrate response in the Duplin Tidal River.
The differences in peak velocities are even higher along the flood channel, where the maximum
flood velocities (ca 0.75 m/s) are three times stronger than maximum ebb velocities (ca 0.25
m/s) (Figure 15). This suggests that the rate of sand transport in the flood direction is two orders
of magnitude greater than in the ebb direction along the flood channel. Furthermore, the
maximum flood currents in the flood channel are faster than maximum ebb currents in the ebb
channel and maximum ebb currents in the flood channel are slower than maximum flood
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currents in the ebb channel. Therefore, as the largest variations in flow velocity occur along the
flood channel, it is closer to this channel that we would expect to find the widest range of grain
size. Moreover, the greater magnitude of landward-directed sand transport along the flood
channel should enable occasional landward bar migration, which is typical in tidal channels with
mutually evasive current circulation (Corbeanu et al., 2004; Choi 2011a,b; Olariu et al., 2015),
and the development of grain size trends opposed to theoretical models of fluvial point bars
(Allen, 1963, 1964, 1970, 1982; Miall, 1980; 1992; 2014; Jackson, 1976; Bridge, 2006; Durkin et
al., 2015; among others), in which sand transport is always seaward-directed. During flood
flows, the seaward inner portion of the point bar experiences the full force of the flood tide
(Barwis, 1978; Hughes, 2012). Consequently, the fines can be washed out from this part of the
bar, suppressing the development of seaward-fining grain size trends, and sand deposition on
the top of the bar may occur facilitating the development upward-coarsening grain size trends.
The hydrodynamic observations of the horizontal tidal asymmetry corroborates with the
sedimentological results discussed in Chapter 2 (item 2.3.3). Although the DUP point bar is
entirely well sorted and it does not present remarkable grain size trends due to its mature
source of sediments (Howard et al., 1975; Zarillo, 1985; Frey and Howard, 1986), we do
observe an overall decrease in silt concentration at the seaward part of the bar which can be
attributed to stronger flood currents that may wash out the fines at this part of the bar during
flood tides. We also observed that although there is a decrease in mud concentration and an
overall increase in sand grain size in the floodward direction, which we relate to a flooddominance in the flood channel, clay particles can be only found along this channel (Table 2A;
Figure 4B). Therefore, the coarser and the finest sediments particles are deposited along the
flood channel. This widest range of grain size, with preservation of fines, can be evidence of
highest variations in current velocities occurring along the flood channel. The occasional
landward migration was confirmed by the existence of some landward-oriented accretion
surfaces located in the landward part of the DUP bar (Figure 9A,B).
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Finally, the upward-coarsening grain size trend was observed in the upper part of DUP
(Figure 4B). This trend could be attributed to the local flood-dominance observed at the floodchannel, which facilitates deposition of coarser sands over the bar as also observed and
concluded by Guinassi et al. (2017a) when studying a point bar located in the Venice Lagoon.
However, the upward-coarsening grain size trend is not unique to the cores collected closer to
flood channel. It was also observed in the upper part of the core collected closer to the ebb
channel. A similar observation was reported by Sexton and Hayes (1996) in the upper part of a
core extracted from the ebb-dominated portion of a tidal point bar situated in the estuarine
turbidity maximum of the Wadmalaw River, South Carolina. Moreover, in Chapters 2 and 3 we
observed that the upward-coarsening trend is nearly consistently distributed through the upper
parts of bars, despite the fact that they were developed under distinct local hydrodynamic
conditions. Therefore, as suggested in Chapters 2 and 3, the upward-coarsening trend might
not be only a result of local hydrodynamics, such as flood-dominance. Instead, it might be the
result of the influence and overprinting of regional allogenic event(s) in the sedimentary record,
such as the occurrence of more frequent and/or stronger storm events in the last decades, but
further paleoclimatological and paleohydraulic studies should be conducted to validate this
explanation.

4.3.1.2

Asymmetry of tidal level (vertical asymmetry)

In terms of tidal level asymmetry, or vertical asymmetry (Wang et al., 1999), both ebb and
flood channels surrounding the DUP bar are ebb-dominated, which means that the falling tide
periods are shorter than the rising tide periods. But this asymmetry in both channels is not
strong (Figure 15). Zarillo (1985) also observed asymmetry of tidal level occurring along the
Duplin Tidal River. The author observed that the M4 is already present in the nearby Doboy
Sound and suggests that it is probably amplified within the Duplin River as indicated by an
increase in tidal asymmetry in the headward direction, where the duration of the rising tide can
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be more than one hour longer than the duration of the corresponding falling tide. Therefore, ebb
currents should be stronger than flood currents. Nevertheless, as previously discussed, the
flood channel nearby the DUP bar is flood-dominated in terms of flow velocity, which confirms
that flood-dominance in the tidal current is not necessarily associated with flood-dominance in
the tidal level (Wang et al.,1999). Guo et al. (2018) reported that tidal currents are far more
sensitive to basin geometry and external forcing than surface water heights, thus the asymmetry
of peak currents (flow velocity asymmetry) is still preferred in indicating residual sediment
transport. In this sense, Zarillo (1985) concluded that the effects of the tidal level asymmetry
around the Duplin bar are of minor importance. Thus, we focus our discussion in the
asymmetries of flow velocity and slack water periods.

4.3.1.3

Asymmetry of slack water periods

The asymmetry of peak ebb and flood flows control residual transport of coarse sediment
but the residual transport of fine sediment is mainly controlled by the asymmetry in slack water
duration preceding flood and ebb, when settling occurs (Dronkers, 1986; Wang et al., 1999; Guo
et al., 2018). The periods of slack water in the ebb channel are short and occur exclusively
during high and low tides, before peak floods and peak ebb velocities, respectively. The
duration of slack water before peak flood velocity is slightly longer than the duration of slack
water before peak ebb velocity. Therefore, an export of fine suspended sediment may occur,
although it may not be significant. Along the flood channel, the periods of slack water are very
distinct. They are characterized by very short periods that occur immediately after high tide, and
are soon interrupted by peak ebb velocities and by much longer periods that extend almost from
after high tide until low tide, occurring before peak flood velocities (Figure 15). Unlike the ebb
channel, the flood channel exhibits an accentuated asymmetry in slack water periods, where
direction of transport of suspended sediments is ebb-dominant.
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The DUP bar is mostly consisted of clean sand (80%) and its muddy fraction is mainly
comprised of silt (18%) (Table 2A). In Chapter 2 (item 2.3.1.1) we suggest that this sandy
configuration and the very low clay content might be due to: mature sandy sediment sources
(reworked sands from Pleistocene barrier-island deposits); limited availability of clay in the
Duplin River (Howard et al., 1975); and/or erosion of clay laminae during peak ebb and floods, if
accumulated over the bar (see next item). Based on the observed ebb-dominant asymmetry of
slack water periods we can also suggested that part of the suspended particles is being
exported seaward.

4.3.2 Mud deposition and preservation
As discussed previously, the slack water periods are very distinct in the ebb and flood
channels. Although the ebb-channel is ebb-dominant in terms of tidal level asymmetry, this
asymmetry is not strong and periods of high and low tide are nearly equally distributed in time.
Therefore, as the periods of slack water in the DUP ebb channel occur only during high and low
tides (Figure 15), the development of a more cyclic and rhythmic deposition of mud is favored,
considering that mud deposition occurs during periods with low bed shear stress (Van Ledden,
2006). Mud deposition on the top of the bar should occur around high tides and on the initial ebb
tide as water depth over bar top reduces rapidly (Carling et al., 2015). As the slack water
periods are short in the ebb channel, the amount of mud that settles from suspension might be
low, forming thin mud drapes, and consolidation might be not strong enough to resist erosion
during subsequent peak velocities, as consolidation is time dependent. Bridges and Leeder
(1976) and Kleinhans et al. (2009) observed that a deposit from one slack water may nearly fill
up a channel, but this sediment is so weak that it is nearly entirely removed again in the ebb
surge. Therefore, part of the mud drapes can be eroded becoming discontinuous in the
sedimentary record. This type of deposit is represented by one of the most abundant
sedimentary facies described in this study, the Sandy IHS (Chapter 3 – item 3.3.1). The Sandy
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IHS is also the most abundant facies described in the core extracted closer to the ebb channel
in the DUP bar (Figure 13C). It is important to point out that, besides consolidation, the
cohesiveness of the deposit also has a direct impact in the erosion rate. In the case of DUP bar,
we observed that the majority of the mud drapes are mostly composed of silt, therefore,
cohesiveness is not as strong as if they were mostly composed of clay, as only clay particles
have cohesive properties and its amount within the mud fraction determines its cohesiveness
(Van Ledden et al., 2004a; 2006). For example, in areas where clay is abundant and where
flocculation occurs (e.g. in the ETM), mud layers are thick and well preserved (e.g. the AL2 bar
– Figure 13B).
In the flood channel, there are two long periods of slack water in 24 hours. They initiate
after high tide (and immediately after peak ebb currents) and prolong until low tide (Figure 15).
The prolonged slack water periods combined with the presence of clay in the flood channel, as
discussed in the item 4.3.1.1, should favor an increase in mud deposition and preservation in
the flood channel compared with the ebb channel, as the time for consolidation is higher and as
even a small percentage of clay increases the cohesiveness of the deposit. The transition
between non-cohesive and cohesive behavior is generally found at a clay content of only 5–
10% (Van Ledden et al., 2004b, 2006; Van Rijn, 2007). These observations are corroborated by
the sedimentological descriptions of the core extracted at the most landward part of the DUP
bar, along the flood channel. The core is dominated by Mixed and Muddy IHS facies (Chapter 3
– item 3.3.1), where centimetric clayey and silty drapes are well-developed and preserved
(Figure 13C). Conversely, the other cores extracted closer to the flood channel, in more
seaward positions, are dominated by Sandy IHS instead of the Mixed and Muddy IHS. This
sedimentological configuration might be a result of the strong peak flood velocities that occur
along the seaward inner portion of the point bar, which experiences the full force of the flood
tide (Barwis, 1978; Hughes, 2012) (item 4.3.1.1), exceeding the threshold velocity for erosion of
consolidated mud.
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4.3.3 Capacity of sediment transport and erosion
Areas where tides are present, temporal variations in water velocity may cross the
threshold for either erosion or deposition several times during a tidal cycle (Howes et al., 2016),
but during each tidal cycle, erosion occurs only during accelerating currents (Sanford, 2008).
Zarillo (1985), when studying the tidal dynamics of the Duplin Tidal River, observed that
maximum flood currents typically occur before high water and peak ebb currents occur after
high water. A very similar flow behavior was observed in this study, along the ebb channel and
flood channels (Figure 15). Along the ebb channel, peak ebb velocities occur during short
periods and transport of medium and coarse sands may occur. The erosion of medium sands
and consolidated mud (with lower percentages of clay content) also may occur, but only during
the short periods of maximum peak ebb velocities of (ca 0.70 m/s), which occur alternated with
ca 0.50 m/s in every semi-diurnal tidal cycle. Periods of peak flood velocities are slightly longer
than peak ebb velocities (Figure 15), and they might also have the capacity to transport fine to
medium sands.
Along the flood channel, flood currents are faster than ebb currents as the flood channel is
flood-dominated (item 4.3.1.1) and the duration of slack water periods are long (Figure 15) (item
4.3.2). The maximum velocity in the flood channel (peak flood of ca. 0.75 m/s) might transport
medium and coarse sands, and erosion of medium sands and consolidated mud (with lower
percentages of clay content) may also occur. Peak ebb velocities (ca 0.25 m/s), however, are
very short and slow (Figure 15) and the capacity to transport sediments is reduced to very fine
sand and only unconsolidated mud may be eroded.
The mean velocities along the ebb and flood channels can easily transport finer sands
and this is the dominant grain size of the DUP bar (Chapter 2 - 2.3.1.2). Besides the capability
of transport of mean velocities, the predominance of fine sand can be explained also by the fact
the its source of sediments are Pleistocene relic barrier islands, which are mature and
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dominated by fine sands (Howard et al., 1975; Zarillo, 1985; Frey and Howard, 1986). However,
we should expect to find also medium and coarse sands in the bar associated with transport
during periods of faster currents. Coarse sands were not found in the DUP bar (they were found
only in a channel lag deposit found at the base of one of the cores) and the occurrence of
medium sands is restricted to the cores closer to the flood channel (Figure 4B). Medium sands,
if associated with peak currents, should also be present in the core closer to the ebb channel,
as the peak ebb velocities in the ebb channel are also capable to transport and erode medium
sands.
One of the explanations for the incongruence of these results when confronted with the
sedimentological analysis, besides the limited variation in sediment grain sizes in the system
(dominated by fine sands), is the fact that sediments in estuarine deposits are frequently mixed
(Torfs, 1995; Van Ledden et al., 2004b) and the factors affecting transport and erodibility of
sand–mud mixtures are many and complex Sanford (2008). Therefore, the use of a simplistic
approach to evaluate sediment transport and erosion (as a function of velocity thresholds for a
particular grain size) in tidal deposits, although it can provide useful information regarding the
expected dominant grain sizes that should be found in the deposit and the estimated frequency
of erosional processes, it cannot be used to quantify and accurately predict sediment transport
and erosion rates of tidal sediments, where multiple variables influence these sediment
behaviors (see Introduction).

4.3.4 Spatial flow distribution
The configuration of flow distribution in the ADCP measurements indicates that the main
streamline of flow takes a different path during each stage of the tide. These paths may be
mutually evasive, with high velocities and areas of higher discharge varying between ebb and
flood tides, both landward and seaward of the meander apex (Figure 16) (Hughes et al., 2012,
2014). Faster ebb currents concentrate in the inner side of the channel landward of the meander
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apex switching to the outer side of the channel seaward of the meander apex (Hughes et al.,
2012, 2014). Faster flood currents also occur in the inner side of the channel landward of the
meander apex and in the outer side of the channel seaward of the meander apex. However,
unlike the faster ebb currents, they are not concentrated in these channels. They begin to
intensify in the opposite parts of the channel. Therefore, during flood tides, the outer channel
landward of the meander apex and the inner channel seaward of the meander apex experience
faster velocities then during ebb tides.
Near the bar, faster currents are concentrated over the bar and in the ebb channel
(Hughes et al., 2012, 2014) while the flood channel experiences velocities near 0 m/s. During
early flood tide, faster velocities concentrate in the flood channel (Hughes et al., 2012, 2014) but
also closer to bar in the ebb channel while the area of the ebb channel closer to outer bank
experiences very slow velocities. Eventual eddies may form closer to the top of the bar along
the ebb channel during early flood tides. This may explain the existence of a thick package (~20
cm) of massive sandy silt in the upper part of the core extracted closer to the ebb channel in the
DUP bar (Figure 4B).
Ebb currents are generally higher and the ebb channels are deeper, however the extent of
this phenomenon vary between sites (Hughes et al., 2012, 2014) and tide stages. For example,
the peak flood velocities measured by the current meter installed in the flood channel are
stronger than the peak ebb velocities measured by the current meter installed in the ebb
channel (Figure 15) and this might explain the existence of a widest grain size trend in the cores
extracted closer to the flood channel (item 4.3.1.1). Maximum ebb currents are generally two
times stronger than maximum flood velocities in the ADCP measurements along the main
channel. The same was observed by the current meter deployed in the ebb channel closer to
the bar (Figure 15).
As a complement to the current meter results discussed previously, these hydrodynamic
observations from the ACDP corroborate with some conclusions about the hydrodynamic
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conditions of the Duplin Tidal River discussed in Chapter 2 based on the sedimentological and
morphological aspects of the DUP bar and nearby channels. First, they confirm the ebb
dominance of the main channel evidenced by sedimentological and morphological aspects of
the main channel and the bar (item 2.3.2.2). Second, they confirm the existence of mutually
evasive currents and provide a link between them and the development of fully-detached point
bars, well-developed flood channels and meanders with well-developed cuspate forms.

4.3.5 Conceptual model for the development of tidal point bars (example of DUP)
Based on all sedimentological, morphological and hydrodynamic analysis conducted in
the DUP bar, we propose a conceptual model for its evolution. We divided the evolution of the
bar in 3 main phases: phase 1 (bar is fully-attached to the channel bank; phase 2 (bar is
partially-attached to the channel bank); phase 3 (bar is fully-detached from the channel bank)
(Figure 17).
Phase 1: the channel is narrower and the cuspate form is not yet developed. The bar
starts to develop along the channel inner bank where energy is lower and sediment eroded from
the cut banks is deposited. The bar is fully-attached to the channel bank. The bar accretes
toward de ebb channel. The bar is slightly shifted seaward of the meander bend apex due to the
ebb-dominance of the Duplin Tidal River (Figure 17A).
Phase 2: the peak erosion at different points along the meander during the ebb and flood
tides start to lead to the formation of incipient cuspate forms, where the channel becomes
straighter at the meander apex and wider at the DUP bar site. During flood flows, the inner
portion of the bar experiences the full force of the flood tide. As a result, a shallow flood channel
starts to be developed. With the increased channel width at the DUP site and the influence of
the flood flows, the bar starts to disconnect from the channel bank (partially-attached). The bar
accretes laterally (predominantly toward de ebb channel but few flood-oriented accretion
surfaces might be developed by the subordinate flood flows along its inner side). The bar slowly
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migrates seaward due to the ebb-dominance of the Duplin Tidal River. During ebb flows, the
flood channel experiences low energy conditions that facilitate the settling of suspended
sediments and mud deposition (Figure 17A).
Phase 3: the cuspate form is well-developed (wide channels but meanders are very sharp
and narrow at the apex). The flood channel is fully-developed and the bar is fully-detached from
the channel bank. The flood channel then assumes the role of the main channel during flood
tides. The bar accretes laterally (predominantly toward de ebb channel but flood-oriented
accretion surfaces are also developed by the flood flows along the flood channel). Sediments
are reworked along the channel due to the bi-directional flows. The flood flows start to erode
sediments deposited along the inner side of the bar and displace them landward. During ebb
flows, these sediments are then re-deposited. The bar starts to show more pronounced
aggradation (due to the very slow dynamics in tidal environments as channel banks in tidal
environments tend to be more stable and resistant to erosion) and it slowly migrates seaward
due to the ebb-dominance of the Duplin Tidal River but. Occasional landward migration can
occur due to the flood-dominance along the flood channel during peak flood flows. The settling
of suspended sediment occurs during the periods of slack water along the ebb (shorter) and
flood channel (longer), but the fines deposited at the seaward inner portion of the bar can be
eroded by the peak flood flows, leading to the formation of seaward-coarsening grain size
trends. The localized flood-dominance along the flood channel can also lead to the formation of
floodward-coarsening grain size trends (Figure 17A,B).
In addition, we also elaborated conceptual models that illustrate the probable effect of
storm-induced tidal surges (which erodes the upper bar deposits. These sediments are then
redistributed along the channel and redeposited over the bar, leading to the development of
coarsening-up grain size trends) and the variations in deposition according to the variations in
water surface elevation (Figure 17B).
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Interpreted seismic

Figure 17 - Conceptual model for the development of tidal point bars (example of the DUP bar). Phase
3 (variations in water surface elevation): conceptual model considering the development of lateral accretion
surfaces during different tide stages pre- and post- opening of the flood channel. Lateral accretion surfaces
are numbered in chronological oder (1 is the oldest). Set number 1 was developed before the opening of the
flood channel during higher stages. Set number 2 was formed after the opening of the flood channel during
higher stages. Finally, sets number 3 and 4 were developed during lower and higher stages.
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4.4 Summary

In this chapter we complement the preliminary hydrodynamic analysis conducted by
Hughes et al. (2012, 2014) based on the hydraulic measurements performed at the DUP site,
discuss the main hydrodynamic controls on the sedimentary processes and sediment
distribution at this site and correlate with the sedimentological descriptions of the DUP tidal point
bar, discussed in Chapters 2 and 3.

Three types of asymmetry occur along the DUP site: asymmetry of flow velocities,
asymmetry of tidal level and asymmetry of slack water periods. The asymmetry that controls
most of residual sediment transport over the DUP bar, especially the traction-dominated bedload, is related to the differences in magnitude between peak and peak flood velocities while the
asymmetry in slack water duration preceding flood and ebb is accountable for the residual
transport of fine sediment. These asymmetries are stronger along the flood channel than the
ebb channel. In terms of flow velocity, the flood channel is flood-dominated and registered the
maximum peak velocities. As a result, it has the widest range of grain size, landward bar
migration occasionally occur, and grain size trends opposed the theoretical models of fluvial
point bars are developed. Both channels are ebb-dominated in terms of asymmetry of slack
water periods. This results in seaward export of fine sediments, which is possibly one of the
explanations to the low concentration of fines (mainly clay particles) in the bar.

The short periods of slack water occurring every high and low tide in the ebb channel
favors the development of a more cyclic and rhythmic deposition of thin layers of mud which
might be partially eroded by the subsequent peak flows, forming the Sandy IHS facies (Chapter
3 – items 3.2.1.1 and 3.2.1.2), where sand is abundant and mud drapes are thin and
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discontinuous. The longest periods of slack water in the flood channel favors mud deposition
and consolidation. Therefore, mud drapes are thicker and well-preserved, forming the Mixed
and Muddy IHS facies (Chapter 3 – items 3.2.1.3 and 3.2.1.4), where mud content is equal or
higher to sand mud content. However, the development of these muddier IHS facies is inhibited
at the seaward inner portion of the bar, which experiences the full force of the flood tide, where
flow velocities possibly exceed the erosion threshold of consolidated mud.

We used a simplistic approach to evaluate sediment transport and erosion (as a function
of velocity thresholds for a particular grain size) with the aim to have a general knowledge of the
magnitude, frequency, duration and spatial distribution of these processes and the periods when
they take place at the DUP site. However, as it is not accurate, it cannot be used to
quantitatively predict sediment transport and erosion rates of tidal sediments, given all of the
aspects, variables and parameters that influence these sediment behaviors in tidal
environments.

The configuration of flow distribution confirms the existence of mutually evasive currents
and the ebb dominance of the main channel evidenced by sedimentological and morphological
aspects of the main channel and the bar.

Finally, we proposed a conceptual model for the evolution of tidal point bars based on all
sedimentological, morphological and hydrodynamic analysis conducted in the DUP bar.
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Chapter 5

Conclusions

In this study we investigated six modern tidal point bars located along distinct estuarine
tidal channels in Georgia. Using core data, 2D shallow seismic data (Boomer) and current
measurements and flow velocity profiles (current meter and ACDP), we discuss the main
hydrodynamic controls on sediment transport and distribution, and determine how they affect
the morphology, the internal architecture and the sediment and facies distribution within the
bars, such that we broaden our understanding of: 1) the impact of hydrodynamic changes in
coastal systems to better predict morphological changes in face of gradational (or abrupt)
changes in their controlling mechanisms (e.g. influence of widespread allogenic processes); 2)
how distinct local hydrodynamic conditions contribute to the development of distinct
heterogeneous characteristics to better estimate reservoir quality and optimize production
strategy.

We demonstrate the tidal point bars developed in distinct meandering tide-influenced
channels present distinct heterogeneous sediment distributions, morphologies and internal
architectures that do not conform to the existing theoretical models of fluvial point bars.
Therefore, unlike fluvial point bars, it is not possible to define a single theoretical
sedimentological model for tidal point bars. The internal architecture of each tidal point bar
differs in a way that it is analogous to surface processes operating at each tidal environment.
However, despite the complex interactions between hydrodynamic processes inherent to each
tidal environment, we were able to distinguish sedimentary facies common to all studied tidal
point bars and to determine how these sedimentary facies are distributed according to the tidal
environments they were developed.
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We confirmed that the existence of fluvial input in meandering tidal channels plays an
important role on sediment distribution as it adds more complexity to the system
hydrodynamics. For example, it promotes more asymmetric variations in water level fluctuations
and it might widen the range of current velocities. Hence, the alternations of periods of faster
velocities with periods of slack water are not symmetric, being mostly controlled by seasonal
variations in the magnitude of river currents. Furthermore, sediments in tide-influenced fluvial
channels are a mix of marine and terrestrial sediments, therefore, they are more immature
(poorly sorted) when comparing with the sediments in tidal channels that have no fluvial input.

As expected, the development of Inclined Heterolithic Stratifications (IHS) is more
pronounced in point bars developed under no fluvial influence, where the variations in water
level fluctuations tend to be more frequent and symmetric and where the velocity threshold for
mud erosion is not commonly exceeded when compared with point bars developed in the upper
reaches of the FMT, for example. Tidal point bars developed under fluvial influence, on the
contrary, exhibit facies mostly associated with periods of relatively higher river energy.
However, if the bar is positioned in the Estuarine Turbidity Maximum (ETM) during periods of
lower river discharges, it will present facies associated with vast (in some cases also abrupt)
variations in current velocities, where periods of very high river energy alternate with long
periods of slack water, associated with tidal incursion, when the river fine-grained particles settle
as flocs due to the elevated concentration of sediment in suspension that enter in contact with
the saline wedge.

Bioturbation degrees, as expected, are higher in the tidal point bars developed under no
fluvial influence, where the almost exclusive tidal action (lower energy and higher salinity) favors
the infauna survival.
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We observed that point bars, specially the ones developed under exclusive tidal action,
although ebb-dominated, exhibit occasional landward bar migration, which is typical in channels
with mutually evasive currents, and more pronounced vertical aggradation, due to the reduced
rates of migration in tidal channels with no fluvial input relative to fluvial-influenced channels.

The hydrodynamic data collected at the channels nearby the only fully-detached bar of
this study (DUP) corroborates with the results of its morphological and sedimentological
analysis, proving that differences in tidal asymmetries between the ebb and flood channels
produce sedimentological differences between the ebbward and floodward parts of the bar.

We found that the upper parts of most of the tidal point bars are upward-coarsening, which
is opposed to theoretical models of fluvial point bars. This grain size trend was also observed in
tidal point bars studied by other authors. In addition to that, we also found similarities among the
major features (e.g. sets of accretion surfaces and extensive erosional surfaces) that compose
the internal architectures of two very distinct tidal point bars. We believe that these
characteristics in common, despite the distinct local hydrodynamics, might be a result of
superimpositions of the regional system energy over the local hydrodynamic processes, which
may play an important role in the overall morphology and sediment distribution within these
bars. Based on that, we highlight the importance of studying several, rather than one point bar
deposit, which permits us to isolate the sedimentological responses to regional allogenic events,
which can be mistakenly interpreted as sedimentological responses to local autogenic events.

Finally, we proposed a conceptual model for the evolution of tidal point bars based on all
sedimentological, morphological and hydrodynamic analysis conducted in the DUP bar.
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Suggestions for Future Studies

Increase in the grid sampling in each bar (collection of extra cores) to cover areas that
were not covered in this study (e.g. the DUP bar does not have cores extracted from its
landward and seaward parts, along the ebb channel). This could help in the definition of lateral
and vertical the grain size trends.

Replicate the study performed in Chapter 4 in the other studied tidal point bars, where we
verified the correlation between the sedimentological characteristics observed in the DUP bar
and the hydrodynamic conditions at the DUP site.

Investigate the role of the secondary currents in high meandering creeks (using
deployments). Analyze their behavior in highly sinuous channels and their correlation with the
sedimentary trends developed in fluvial- versus tide-dominated environments.

Ichnological analysis (characteristics of the ichnological traces and assemblages, and
associated environments) to evaluate mud provenance in tidal point bars located along the
FMT.

Paleoclimatological and paleohydraulic analysis to validate the hypothesis of the influence
of regional allogenic events in the formation of the upward-coarsening grain size trend observed
in the upper parts of most of the bars, along the flood and ebb channel.
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Appendix I.
31 core logs of the 6 studied modern tidal point bars elaborated using the GEO software from
Geologix:
AL1 (6 core logs)
AL2 (5 core logs)
DUP (5 core logs)
SA1 (4 core logs)
SA2 (6 core logs)
SA3 (5 core logs).
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Appendix II.
GPR line over A1 (flood – ebb channels). Bi-directional lateral accretions surfaces interpreted in
the profile (black lines – figure in the right)
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Appendix III.
Non-interpreted seismic lines
.

AL2 – 8A

AL2 – 8B

AL2 – 8C
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AL2 – 8D

AL2 – 8E
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